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ABSTRACT
Adhesive bonding of joints is the modern technology for fastening metal-to-metal. 
Traditionally, adhesives have been used in the aerospace, automotive and many other 
industries that require metal-to-metal bonding. However, more recently there has been a 
considerable increase in the use of adhesives in the civil engineering field. Adhesive 
joints have been analysed, in past years, by various people using closed form algebraic 
techniques of varying complexities. Some of the factors that affect the adhesive bonded 
joint are: adhesive thickness, properties of adhesives and adherends, types of joints and 
temperature. The finite element methods which have been used more recently have 
allowed more realistic material properties and joint geometries to be analysed.
In this research an epoxy resin adhesive is used to join galvanized steel to form double 
lap joints. The purpose of this research is to investigate the effects of adhesive thickness, 
types of joints, adherend thickness and overlap length. These factors are investigated by 
both experimental and computer analyses. The effects of the adhesive fillet at the end of 
the joint are also be examined.
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CHAPTER
ONE
INTRODUCTION.
The introduction outlines the aim of the thesis and then the remainder of this chapter is 
devoted to the history of bonded joints and advantages of adhesive bonding. The second 
chapter concerns the literature review and the applications of structural adhesives in civil 
engineering and for research and experience of use in this area. Chapter three describes 
adhesives and adhesion, the classification of adhesives and theories of adhesion. Chapter 
four discusses the methods of stress analysis of adhesive lap joints, ie., algebraic and 
finite element analysis. Also, in this chapter, a comparison between double and single 
overlap joints is included. Chapter five describes the fatigue life of the adhesive layer 
under cyclic stressing, and the types of crack in the adhesive layer and fillet. Chapter six 
discusses the method of design of the adhesive joint specimens used in this study. It 
includes detailed experimented studies of fatigue, static load and computer analyses. 
Chapter seven discusses the effect and the results of the tests. Chapter eight is the 
conclusion to this thesis.
1.1. Historical outline
Adhesive bonding is a technique for joining materials which in recent years has shown 
itself capable of replacing or supplementing conventional methods such as riveting, 
welding, and mechanical fastening in a variety of applications. The strength and durability 
of bonded structures in aircraft construction and timber assemblies has been demonstrated 
over many years, but the extension of this experience to other structural applications has 
been comparatively restricted. Thus bolts, welds, and rivets still predominate in 
automotive and marine structures, and many mass - production items which involve metal 
joining rely on mechanical fastening.
Animal glues and other natural products that had been used for centuries were the only 
adhesives of major importance for some years, although since 1900 vegetable glues have 
found wide application for bonding porous materials. In World War I casein adhesives 
were employed for wooden aircraft construction but were found to have limited resistance 
to moisture and mould growth.
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The development of synthetic resins, which do not have the limitations of natural products 
and which can bond both metals and other non - porous materials, is the reason for the 
rapid increase in the use of adhesives in industry. Phenol formaldehyde, which has been 
widely used for bonding timber, was the first synthetic resin of major importance. World 
War II saw the development of epoxy resins and modified phenolics for structural metal 
bonding in aircraft, and since that time numerous types of synthetic resin and rubber have 
been formulated. Adhesive bonding is now of considerable importance for joining metals 
to each other as well as to other materials for a wide variety of purposes. This increase in 
the use of adhesives has largely taken place in non - structural applications such as general 
engineering, automotive, footwear, and packaging industries.
The earliest analyses of adhesive - bonded joints were based upon elastic theory. 
Volkeresen 1938, computed adhesive shear stress distributions in terms of the differential 
stretching of the adherends along the lap length. This analysis pertains to symmetric 
(double - lap) joints, even though it is presented for single - lap joints. Goland and 
Reissner 1944, presented the equivalent analysis for asymmetric (single - lap) joints 
accounting also for the transverse deflections and adherend bending due to the eccentricity 
in the load path. It was assumed that the adhesive shear stress could be represented as 
constant across the thickness, in both of these classical analyses. Because of the stress - 
free state of the exposed ends of the adhesive layer this cannot be so. There have since 
been further elastic analyses to refine these two, some of which have accounted for the 
through-the-thickness variations in adhesive stresses. The consequence of this increase in 
complexity of the analysis has been to reduce the predicted peak elastic shear stress 
substantially and to move it inboard minutely, away from the very end of the overlap.
1.2. Advantages of adhesive bonding.
Depending on the adhesives used, joint design, methods of application, and the intended 
function of the final assembly, adhesive bonding can offer one or more of the following 
advantages:
1. The ability to join a variety of materials, which may differ in composition, 
coefficients of expansion, elastic moduli, and thickness (thin sheets and foils joined 
where other fastening methods would cause distortion or destruction).
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2. The elimination of irregular surface contours caused by protruding fasteners such 
as screws and rivets, with a consequent improvement in the appearance of the 
finished assembly.
3. The fabrication of complex shapes where other means of fastening are not 
practicable.
4. The more uniform distribution of stresses over the entire bonded area with 
minimization of stress concentrations, such as those that occur with small contact 
areas associated with bolts, rivets, or spot welds. Often, thinner materials can be 
used without loss of strength thus saving weight and cost.
5. The high damping capacity of adhesive bonds and the elongation properties of 
many adhesives which allow stresses to be absorbed, distributed, or transferred, 
thus improving fatigue resistance and giving good vibration damping and flexibility 
properties.
6. Weight reduction and, since no holes are required for mechanical fasteners, the 
maintenance of the integrity of structural members.
7. The ability to join heat - sensitive materials prone to destruction by brazing or 
welding.
8. Good sealing and insulation properties as bonded joints are sealed against 
moisture and chemicals, adhesive layers can act as insulators against electricity, 
heat, or sound, and also reduce or prevent galvanic corrosion between dissimilar 
metals.
9. The realization of important cost savings in manufacturing and assembly reduced 
material requirements, weight savings, elimination of other operations (such as 
drilling, screw or nut driving, and finishing), simplified assembly procedures, the 
replacement of several mechanical fasteners with a single bond, and the joining of 
several components at the same time.
1.3. Aim of thesis.
The specific aim of this research is to investigate the relationship between the epoxy resin 
adhesive and the galvanized steel strap in double lap joints. In this investigation the 
following was conducted: fatigue life behaviour of the structural joint, factors affecting 
the strength of the joint and the stresses in the adhesive layer. This study was conducted 
for civil engineering applications.
CHAPTER
TWO
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LITERATURE REVIEW
2.1. Introduction.
The main objective of this chapter is to review the use of adhesives in structural 
engineering. Because of the extent of literature available on this subject it is necessary to 
restrict detailed discussion to the field which is relevant to this thesis, ie, the static bond 
capacity and fatigue performance of epoxy resin adhesive as used in galvanized steel to 
steel structural bonds. The concepts of bonded metal joints which are necessary in 
aerospace and vehicle applications, although not directly relevant to civil engineering, can 
provide useful provisional guidance.
The building industry is one of the largest users of adhesive materials, but, currently, few 
applications require the bonded assembly to sustain and to transmit significant forces. 
There is, however, great potential for the future use of adhesives in structural applications, 
but, so far, the construction industry has been slow to take up the challenge.
It is essential that the correct choice of adhesive and an appreciation of the procedures 
necessary for the satisfactory fabrication of bonded assemblies be made. Some examples 
of the fabrication procedures are shown in Table 2.1. There is a definite need for quality 
assurance and for site control. There are appropriate test procedures required by both the 
designer and the researcher to evaluate products and pretreatment procedures, keeping in 
mind both the long- term as well as the short- term performance.
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Table 2.1: Example of fabrication procedures (Hutchinson and Mays Engineering property 
requirements for structural adhesives, 1988).
* Trained operatives must be employed under skilled supervision.
* Surface pretreatment and cleanliness are essential for a reliable and durable joint.
* Adhesive must be applied to prepared surfaces as soon as possible after surface 
pretreatment.
* Safe handling precautions are essential for resin products.
* Adhesive products should be stored in accordance with their manufacturers' 
recommendations.
* Thorough mixing of correctly proportioned components is essential; avoid sub-dividing 
manufactures' pre-weighed packs; proper dosing equipment is desirable.
* Mix cold-cure products in quantities of less than 10kg to reduce the exotherm in the 
mixing vessel and to minimize air inclusion; encourage the dissipation of heat from the 
mixed components.
* Ensure sufficient useable (pot) life.
* Match the reactivity of the adhesive to the temperature and duration of application.
* Superior performance is obtained from elevated temperature curing; as a rule of thumb, 
the reaction rate doubles and the cure-time halves for every 8°C rise in temperature.
* Ensure gap- filling properties.
* Employ thixotropic or pseudo-plastic materials for application to vertical surfaces.
* Devise a suitable method of adhesive application to the substrate surfaces.
* Provide jigs/ temporary works/ permanent mechanical fixings to hold components and to 
apply pressure during cure.
* Adherend temperature should preferably be higher than ambient temperature to minimize 
condensation of moisture at the interface before adhesive application.
* Close the joint as soon as possible after application of the adhesive, and in a manner and 
at a rate that minimizes the inclusion of air.
* Provide for heat-curing if necessary with heating tapes, focussed infra-red heaters.
* Provide appropriate physical and mechanical tests for quality assurance.
* Protect bondline from adverse environmental effects, at least while curing.
* Consider post-bonding quality assurance by appropriate methods, including NDT.
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2.2. Adhesive bonding.
Bonding means the uniting of similar or dissimilar adherend surfaces with a relatively low 
modulus interlayer of adhesive material. In a bonded structural joint forces are transmitted 
from one adherend to the other by a complex interaction of stress patterns, therefore, an 
adhesive material with elastic- plastic characteristics is required. The adhesive is involved 
in wetting, adsorption and inter-diffusion reactions with the substrate surface, hence both 
the extent of interaction and as well as its ability to displace and absorb surface 
contamination are influenced by its chemical composition (Mays, 1988).
The progress in structural adhesive bonding has been slightly inhibited for reasons which 
can be allied to the elementary concepts of bonding i.e.:
(a) appropriate design of the joint
(b) selection of a suitable adhesive
(c) adequate preparation of the adherend surface
(d) controlled fabrication of the joint itself
(e) protection from unacceptably hostile conditions in service, such as fire
(f) post- bonding quality assurance.
Proper design of bonded joints requires an appreciation of the properties of the different 
materials to be joined as well as quantitative data on the properties of structural adhesives. 
A comparison of the typical engineering properties of a cold- curing epoxy adhesive with 
those of mild steel is shown in Table 2.2. Full account must be taken of the low resistance 
of adhesives to peel and to cleavage forces in joint design, as shear strength is unlikely to 
be a limiting factor. Therefore, a reduction in some shear strength to allow high toughness 
and peel strength, such as that obtainable with flexible or toughened epoxies may be a 
consideration.
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Table 2.2: Comparison of typical engineering properties (Hutchinson and Mays, 
Engineering property requirements for structural adhesives, 1988).
Property (at 20°C) Cold-Curing 
epoxy adhesive
Mild Steel
Relative density 1.3 7.8
Young's modulus: GNm'2 4 210
Shear modulus: GNm"2 1.4 80
Poisson's ratio 0.37 0.29
Tensile strength: MNm‘2 25 400
Shear strength: MNm"2 30 550
Compressive strength: MN~2 75 400
Tensile elongation at break: % un1inÖ 30
Approximate work of fracture: Jm"2 100 105 -106
Linear coefficient of thermal
expansion, per °C 35 11
Water absorption 7 days at 25°C %w/w 1
Glass transition temperature:°C 45
Joint durability requires a two -fold consideration of:
(i) structural integrity of the cured adhesive.
(ii) the stability of the adhesive / adherend interface.
Therefore, surface pretreatment is one of the most important aspects of adhesive bonding.
2.3. Applications
In most structural applications of adhesives, the stresses to be borne by the adhesive are 
dominantly compressive. There are currently three applications where the joint is designed 
so that the adhesive provides the shear connection which enable the components being 
bonded to act as a composite structural unit. These applications are as follows:
(a) Glued- laminated timber (glulam): this subject has been well researched by 
Hutchinson and Mays, (1988)*
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(b) Structural steelwork connections: such connections are at early stage of development 
but are actively being pursued within the Wolfson Bridge Research Unit at the 
University of Dundee by Hutchinson and Vardy, (1986).
(c) External plate reinforcement for concrete structures: the potential for steel- concrete 
open sandwich slabs in new bridge deck construction . This technique has been used on 
a trial basis by Tayside Regional Council in a short span minor road bridge which has 
been in service since 1985 by Hutchinson and Mays, (1985).
Structural adhesive bonding of metal parts began in the aircraft industry in 1943 but only 
started in earnest on civil aircraft when the De Havilland Comet jet airliner came into 
service in 1952. Aircraft are now being designed with more and more adhesively bonded 
metal components. The first adhesives to be used for structural bonding of aircraft parts 
were of the two component phenol - formaldehyde type. However, a cure temperature of 
150°C and pressures in excess of 0.2 N / mm^ are required. The epoxy based filmic 
adhesives are commonly used, curable at 120°C and lower pressures. A typical airliner 
operating temperature range is from - 80°C to + 80°C and for many aircraft salt spray 
conditions may be severe (Armstrong, 1978). Thus the adherends to be bonded, the 
adhesives used, the operating conditions experienced, and the rigour of control which can 
be exercised within the aircraft industry are quite different from those likely to occur in civil 
engineering.
In the last few years adhesive bonding has been introduced to a limited extent in motor 
vehicle production. Although the adherends are now mild steel the durability criteria used 
will be different from those in other applications. Adhesive bond design methods in the 
aerospace and automobile industries are based largely on prototype testing, and eventually 
lead to a data base of in - service performance. This expertise cannot be directly transferred 
to applications in structural engineering. However, the design of steel - to - steel bonds for 
civil engineering structures is feasible if basic strength tests are performed on the adhesives 
and the joints made with them, and if the durability problem is understood and controlled.
Within the Wolfson Bridge Research Unit the possibility of using adhesives to bond 
intermediate transverse stiffeners to the webs of plate girders for strengthening purposes is 
under study. There are number of potential advantages to be gained by using bonding for 
such purposes as compared with the use of conventional welded or bolted attachments. 
Welding results in residual stresses within the already loaded girder, while with bolting the 
cross-sectional area is reduced.
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Goh, (1981) carried out a preliminary investigation involving a number of alternative 
adhesives used in the stiffened tensile specimens illustrated in Fig. 2.1 These specimens 
were subjected to 1.5 million cycles of a tensile stress range of 155 N/mm^ at 4 Hz. This 
range is about twice the maximum normally expected in most practical situations. The tee 
stiffeners were pulled of at right angles to the tensile piece to ascertain the extent of damage 
sustained by fatigue. The pull-off stresses for different adhesives, both before and after 
load cycling, are summarised in Table 3 for specimens prepared using mechanical abrasion 
with emery cloth. The low strengths in the pull-off tests with the cold-cured adhesives are 
probably due to the fact that the stress intensity factor (Kjc) towards the edge of the joint 
reaches 0.4 MNm'3/2 which approaches the toughness of these products, also given in 
Table 2.3.
À Direction of load during pull-off 
tests after fatigue
Direction of load 
during fatigue test
Fig. 2.1. Stiffened tensile specimens (by Goh, 1981).
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Table 2.3 Fatigue tests on stiffened samples (by Goh, 1981).
Adhesive Pull-off stress (N / mm^) Fracture 
toughness 
Kic (MNm'3/2)
Adhesive
No;
Type Control After 1.5xl06 
cycles at 
<7r =155 N/mm^
1 2 part cold-cure epoxy 10.0 1.8 1.1
4 2 part cold-cure epoxy 10.5 0.3 0.5
10 2 part cold-cure 12.4 Not measured 0.6
toughened epoxy
12 2 part toughened acryli : 14.0 6.2 Not measured
1 part hot-cure
13 toughened epoxy 26.9 11.9 3.0
2.4. Adhesive specification
At present, the potential designer of an adhesive joint has three main sources of guidance 
with respect to assurance testing of the proposed resin system by British Standards 
Institution, (1976).
(a) BS 5350 — Methods of test for adhesives by British Standards Institution, (1987).
(b) BS 6319 — Testing of resin compositions for use in construction.
(c) FIP -  Proposal for a standard for acceptance tests and verification of epoxy bonding 
agents for segmental construction.
2.5. Fatigue research
With the exception of some of the fatigue testing procedures by far the majority of research 
into the durability and fatigue performance of metal bonds has been carried out with 
aerospace applications in mind. As such the results can serve no more than to indicate 
general trends for future consideration in civil engineering applications.
All adhesive bonds degrade at elevated temperatures to varying degrees, depending on the 
adhesive type, the exposure temperature, the length of exposure and whether the 
environment is dry or humid. For most adhesives strength falls off rapidly for temperatures 
greater than 120°C. The variation in metal-to-metal bond strength has been studied by
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Foulkes, Shields and Wakew, (1970). Examination of adhesive bonded test pieces broken 
at low temperatures suggested brittle fracture, while at room temperature many adhesives 
failed in a ductile manner. They also carried out a test programme using a 'napkin ring' 
specimen which is claimed to give a measured torsional shear stress at failure independent 
of the specimen geometry. A phenol- formaldehyde resin (Redux 775) with stainless steel, 
titanium and aluminium adherends were used. The results indicated that the bond strength 
is determined by temperature as well as the bulk properties of the adhesive, given adequate 
surface preparation.
Research into the fatigue performance of bonded metal joints was pioneered in Germany by 
Draugelates and Matting, (1968). They collected a vast amount of data using single lap 
joints of sheet metal alloys made with two types of adhesives, a phenolic-formaldehyde 
resin (Redux 775) and an epoxy polyamide (Araldite 106). The joints were load cycled in 
the tensile mode from a minimum shear stress of l.lN/mm^. The results were presented 
in the same way as used for metal fatigue, that is as 'S-N' curves of stress were plotted 
against cycles to failure. Logarithmic scales are usually used to produce an idealised 
'Wohler' diagram of the form shown in Fig. 2.2 The endurance limit represents the 
maximum stress at which the survival time is indefinite. With metals it is accepted that 
endurance is dependent on the stress range applied during cyclic loading. With epoxy 
adhesives there is some evidence by Osorio and Williams, (1983) to suggest that the crack 
growth rate is mainly dependent on the maximum stress intensity factor in the cycle. They 
maintain that the fatigue of most brittle polymers which tend to exhibit crazes ahead of the 
crack is controlled by the maximum stress during cycling.
100
Cyclic
load
as%
UTS
Endu
0
Log endurance
Fig. 2. 2 Idealised Wohler curve (by Wake, 1982).
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Matting and Draugelates, (1968) provided evidence that suggests the Wohler curve is not 
very sensitive to frequency but is shifted slightly to the right at high frequencies. Such a 
conclusion justifies the treatment of their data as comparable to metal fatigue in which it is 
the number of cycles that is important, not the frequency. As adhesive materials become 
more rubbery, for example, as they pass through the glass transition temperature, the time 
to failure becomes more important as that implies different failure mechanisms, the former 
a crack growth process, the latter a rate process. For both (Redux 775 and Araldite 106) 
adhesives the endurance limit was shown to be between 13 and 15 % of the static strength. 
Above this limit the Wohler line was straight on double logarithmic scales, its steepness 
being dependent on the adhesive used. The effect of temperature on the fatigue 
performance of both adhesives is shown in Fig. 2.3. The poorer performance of the epoxy 
at elevated temperature can be related to the difference in elastic properties.
Min. Stress = 1.1 N / mm^
Effect of Temperature
Fig. 2.3. Fatigue performance of sheet metal alloy laps (due to Draugelates and Matting,
1967).
Marceau, McMillan and Scardino, (1978) conducted cyclic loading tests on double 
cantilever beam specimens. The results observed during cyclic loading of the double 
cantilever beam specimens showed that elevated temperature shortens specimen life but 
humid air has no effect. These results are shown in the form of plots of change in crack 
growth rate per cycle, da / dN, against the range of strain energy release rate, G. The "S" 
shaped curves obtained, for example as shown in Fig. 2.4 at a high frequency, are also 
typical of those experienced with metals.
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Fig. 2.4. Fatigue crack growth of double contilever beam specimen 
(by Marceau et al., 1978).
Allen, Dean and Wake, (1979) attempted to establish the reality of an endurance limit based 
on the argument that successive cycles of stress above the limit caused the growth of cracks 
from existing flaws. Again, the phenolic-formaldehyde resin (Redux 775) was used to 
manufacture aluminium single lap joints. Dynamic testing was used to determine the 
endurance limit, and then further joints were cycled at stresses above and below this limit. 
It was argued that if the endurance limit was real, damage which could be done by cycling 
above the limit would be apparent by loss in static strength measured after the cycling 
period. On this basis their preliminary work supported the concept of an endurance limit. 
Such an argument, however, does not take into account the fact that crack growth may be a
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two stage process represented by initiation followed by propagation. Static tests following 
a period of load cycling may not be sensitive to the initiation stage of crack-growth and 
may only reflect damage occurring as a result of crack propagation.
More recently Allen, Smith and Wake, (1983) have re-assessed the question of the 
endurance limit. Their work suggests that the endurance limit occurs close to a peak 
loading corresponding to a 35% of static ultimate strength (UTS). Following several 
unsuccessful attempts to obtain direct visual evidence for the existence of cracks, crack 
lengths were calculated assuming that failure in the lap joints was consequent upon the 
cleavage stress at the end of the joint causing a Mode I crack to open (Mays, 1985). Based 
on fracture toughness values determined by others for the particular adhesive in use 
(Kjc=2.67 MNm3/2) and the cleavage stress at failure it is possible to show that uncycled
joints in the specimens used had flaws of about 13 mm in length. After cycling, failure 
appeared to occur when flaws corresponding to cracks 20 to 30 mm in length existed. Such 
an approach assumes a purely elastic response to the load and this may not necessarily be 
correct, especially at low frequencies. This suggests that it may be necessary for different 
cracks to be initiated from those naturally occurring in the adhesive before damage due to 
cycling at high stresses can occur. Therefore, if an endurance limit exists cycling below it 
may only serve to initiate cracks (not detected by subsequent static tests) rather than to 
propagate them. Failure may then be facilitated should cycling above the endurance limit 
subsequently take place.
Volkersen, (1938) started from the premise that it is reasonable to assume in the case of 
tension load in a single lap joint the tensile stresses in the adherends will be linearly related 
to position along the joint length. This being so, the free body diagram for the adhesive 
will show a tensile stress in the centre which will be a small proportion of the total tensile 
stress across the joint because most of it will be borne by the adherends as shown in Fig.
2.5. The tensile stress across the centre of the joint will be almost exactly one-half of the 
tensile stress at the far ends of the adherends. The existence of this tensile stress will give 
rise to a shear in the adhesive which is non-uniform and is superimposed upon the shear 
due to loading of infinitely rigid adherends. The total shear stresses in the adhesive and at 
the interface are thus non-uniform and greater at the ends of the overlap.
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Fig. 2.5. Tensile stresses in the adherends in lap joints (by Völkersen, 1938).
^ e :
Infinitely rigid 
adherends
Uniform shear 
---------
Fig. 2.6. Shear in adhesive due to extensibility of adherends (by Völkersen, 1938).
Apart from the bending of the adherends, the simple Völkersen treatment departs from 
reality ignoring the adhesive boundaries at each end of the lap. The boundary surface can 
sustain tension or compression but not shear. As shown in Fig. 2.6 a maximum shear at 
A,C and B,D is implied. In fact, the shear must be zero at the boundaries and shows a 
maximum at a short distance inside the boundary. The combination of these effects with 
the bending moment leads to stress maxima at the points A and D. Peppiatt (1974), 
examined the Völkersen approximation and compared it with the stress distributions 
obtained from a full length finite element analysis. Völkersen, (1965) allowed for the free 
boundary effect mentioned above and Fig. 2.7 shows the comparisons.
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Average applied shear stress
0 I_____1____ I_____ !_____ I____ J____ I_____1_____I_____1_____I_____ I_____I___
Distance along overlap
Fig. 2.7. Comparison of Volkersen's analytical expression with finite element analysis for 
shear lap joint, (by Adams and Peppiatt, 1974).
2.6. H ardened  adhesive.
2.6.1. M oisture resistance.
The adhesive should be formulated to minimize moisture transport through the adhesive 
itself. The equilibrium water content should not exceed 3% by weight after immersion in 
distilled water at 20°C. A film of adhesive, approximately 1 mm thick cast in 
polytetrafluoroethylene- lined moulds and weighing at least 3 gm, is suggested for this test 
by Hutchinson, (1986). This requirement enhances the potential for a durable adhesive/ 
adherend interface, even if moisture uptake is not deleterious to the adhesive itself.
2.6.2. T em peratu re  resistance.
The adhesive should have a heat distortion temperature (HDT) of at least 40°C. A 
specimen 200 mm x25 mm xl2  mm creep tested in four point bending, as shown in Fig. 
2.8, is recommended by Lark and Mays, (1985)- The sample under test is placed in a
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temperature controlled cabinet at 20°C and a load applied such that the specimen is 
subjected to a maximum fibre stress of 1 .8 1 M N m ~ 2  in accordance with BS 2782 by BSI, 
(1976). The HDT of the adhesive is taken as the temperature attained as measured on a 
thermocouple attached to the specimen, after undergoing a further 0.25mm deflexion while 
subject to a surface heating rate of 0.5°C per min. This requirement is primarily to ensure 
enhanced creep resistance.
12mm
Fig. 2.8. All- adhesive flexural tests (by Lark and Mays, 1985).
2.6.3. F lexural m odulus.
Lark and Mays, (1985) suggest that the instantaneous flexural modulus of the adhesive at 
20°C should be at least 2GNm~2. A specimen 200mm x 25mm x 12mm deep tested in 
four point bending as shown in Fig 2.8 is recommended. The sample under test is loaded 
at the third points at the rate of lmm/min and the central deflexion recorded. This 
requirement is to assist in preventing problems due to creep of the adhesive under 
sustained loads.
2.6.4. Shear streng th .
Lark and Mays, (1985) suggest that the bulk shear strength of the hardened adhesive at 
20°C should be at least 12 M N nr2. A specimen 200 mm x 12 mm x 25 mm deep tested in 
a shear box as shown in Fig. 2.9, is recommended.
Chapter Two 20
25
Fig. 2.9. All-adhesive shear box test (by Lark and Mays, 1985).
2.6.5. T ensile streng th .
The tensile strength of the hardened adhesive at 20°C should be at least 12 MNirr^- A 
dumb-bell specimen of dimensions according to BS 2782 (methods 320 B/C) and having a 
cross-section of 10 mm x 3 mm is recommended as shown in Fig. 2.10 by Mackenzie, 
(1986). The specimen should be cast in poly tetrafluoroethylene- lined moulds. Adhesive 
ductility may also be measured with appropriate strain monitoring equipment.
Specimen thickness=3mm
Fig. 2.10. Adhesive tensile tests specimen (by Mackenzie, 1986).
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2.7. Steel joint.
The surface preparation of steel adherends for joint testing should be as follows:
(a) As suggested by Hutchinson and Mays, (1988), if necessary, remove heavy 
layers of rust by hand, or by mechanical abrasion with emery cloth, or by wire 
brushing, to give rust grades A or B as defined in Swedish Standard SIS 055900 .
(b) Either wash with detergent solution, rinse thoroughly with cold water and dry in a 
stream of warm air and with clean absorbent paper, or wipe with a suitable solvent 
and allow to evaporate.
(c) Grit blast to grade Sa 2.5 of Swedish Standard SIS 055900 as suggested by 
Hutchinson and Mays, (1988) to achieve a mean maximum peak- to- valley depth of 
at least 50 p. m, using a hard angular clean metal grit which is free of any grease 
contamination. For stainless steels, a non- ferrous grit- eg. alumina based grit -should 
be used .
The abrasive dust which remains on the adherend surface after blasting should be removed 
by brushing, blowing or vacuuming; solvent degreasing is not recommended. To provide a 
light clamping force during the cure, joints should be manufactured in jigs using carefully 
positioned internal wire or external steel spacers to control the adhesive thickness at a 
constant value between 0.5 and 1.0mm.
2.7.1 Joint surface toughness.
The initial Mode I fracture toughness Kjc should not be less than 0.5 M N m '^ . The test 
should be carried out on wedge cleavage specimens at 20°C using a wedge insertion rate 
of approximately 50 mm/min and the crack extension should be measured on both sides of 
the specimen, eg. by using a travelling microscope. An example of this is shown in Fig. 
2.11 by Marceau, (1977).
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Initial 12.7 debond
i .
h=3.2 mmT
Adhesive thickness = 0.65mm
Fig. 2.11. Wedge cleavage specimen (by Marceau, 1977).
The equation for the fracture energy of the specimen by Marceau, (1977) is:
[3(a + 0 .6 h f  + h 2Y  
[(ai + O.6 /7 )3 + ah 2 j
where:
Gic = Strain energy release rate.
E  = Elastic modulus of the steel. 
h = Thickness of steel. 
a=  Crack length.
0.6 /z — Correction factor for rotation about crack tip.
The fracture toughness Kqc can then be obtained by using the expression K?c = EaG icfor 
plane stress, where Ea is the elastic modulus of the adhesive. Such a specimen may be 
used for further stress durability testing, by monitoring the rate and location of crack 
growth for different exposure environments.
2.7.2. L ap shear strength .
Tests should be carried out over a range of temperatures as suggested by Hutchinson and 
Mays, (1988), eg. -25°C, +20°C and +45°C, using bright mild steel adherends. The 
temperature should be measured using thermocouples which are attached to the steel 
surface of the joint. Two alternative forms of lap shear joint may be used:
G- =
2 /3E d  h
V 16
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(a) The thick adherend shear test (TAST) joint, as shown in Fig. 2.12, is 
recommended for the determination of adhesive shear strength . This form joint is 
preferred to those specified in BS5350 because a more uniform distribution of shear 
stress is obtained along the bond- line and large peeling stresses are avoided. The 
minimum lap shear strength required is 1 8 M N m " 2  at 20°C. The joint is made from two 
bright mild steel strips which are bonded together, then drilled and sawn as shown. 
The joint should be loaded to failure at a rate of 0.5mm/min through universal joints.
Adhesive thickness=0.65mm
Fig. 2.12. Thick adherend shear test (TAST) specimen 
(by Hutchinson and Mays, 1988).
(b) An alternative form double overlap joint, which more closely reflects shear stress 
distributions is shown in Fig. 2.13. The dimensions L and d are selected so that the 
bond ruptures before yield of the adherends as suggested by Lark and Mays, (1985). 
The minimum average lap shear stress required at failure is 8MNm"2 at 20°C.
Fig. 2.13. Double overlap joint- alternative (by Lark and Mays, 1985).
Chapter Two 24
It is emphasized that the failure load of any adhesive joint is influenced by the joint 
geometry, rate of loading and test conditions. Therefore, lap shear tests should be used 
only for comparative purposes in adhesive assessment, selection and control.
2.7.3. Fatigue test.
Fatigue tests should be carried out a constant frequency between 1 and 25 Hz, with a sine 
wave, and using TAST or double overlap joints . The joints should be capable of 
surviving, without failure, 10^ cycles of a mean shear stress range between 1.0 and 10 
M N m '2  at 20°C for TAST joints, or between 0.4 and 4.0 M N m "2  at 20°C for double 
overlap joints Fig. 2.13.
2.7.4. Durability test.
Durability tests: The environmental conditions during the operation and the required length 
of service for civil engineering applications should be taken into careful consideration. 
Environmental conditions are likely to include a wide range of temperatures, combined 
with condensing humidities. In bridge or marine structures, the joint may also be subject to 
spray from de- icing salts or from the sea. Accelerated laboratory tests using, for example, 
the wedge cleavage test should be used to show that joints made with various 
combinations of surface pre treatments, primers and adhesives might reasonably be 
expected to satisfy these durability requirements. For longer- term durability assessment, 
the TAST specimen, possibly in a stressed condition, could be used. Adhesive dumb- bell 
specimens subjected to wet or moist environments may provide useful information on 
changes in strength and ductility through water- induced plasticization (Draugelates and 
Matting, 1968).
2.7.5. Methods of analysis.
Harris and Adams (1984) states that the results from finite element method show that the 
inaccuracies in the calculations of the adhesive stresses in a single lap joint by closed form 
methods have risen from two sources :
1. There are errors in the calculations for bending moment at the edge of the overlap for 
a given load.
2. A limited number of stress components acting on the adherend and adhesive along the 
overlap are included in the closed form analysis.
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Closed form method:
• unpredicts the maximum peel stress at the edge of the adhesive layer
• there are discrepancies between the adhesive shear stress distribution
• concentration is placed on the shear deformation of the adhesive which can lead to error 
because the general behaviour of an adhesive in shear will be more ductile than its 
behaviour in the critical region of the joint
• there is a greater degree of non-linearity in the single lap joint test than expected from 
finite element method
Finite element method:
• larger discrepancies between peel stresses
• shear stress distribution averaged across the adhesive thickness
• able to include larger displacement effects
• able to include non-linear material properties at the same time
• able to include the elasto-plastic adherend properties, therefore, showing that a small 
degree of plastic deformation in the adherends may be an advantage in terms of joint 
strength. However, large amounts of plastic deformation in the adherend may result in 
premature joint failure due to the development of a local concentration of stress in the 
adhesive at the edge of the fillet
• able to predict the strength and mode of failure of standard single lap joint for several 
adhesives having a range of mechanical properties.
2.7.6. Design of Joint.
Hart - Smith (1994) earned out investigation involving double lap joints. It was shown that an 
important factor to designing a durable adhesively bonded joint is the proper surface treatment 
that must take into account all service environments. Also the joint proportions must be that 
the break link in the joint is never the bond, that is, the overlap should be approximately 30 
times the adherend. For some adherends it is necessary to taper the ends to reduce induced 
peel stresses that would cause premature failure.
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2.8. Summary and conclusions.
In order to design structural adhesive joints there is a need to appreciate how bonded 
assemblies behave. Engineering must, therefore, interface both with materials and 
adhesion science. The design approach also requires appropriate structural property data 
for both the adherends and adhesive itself. In this respect, it is important to be aware that 
the properties of the adhesive change with environmental conditions, particularly with 
temperature and moisture, and hence there is a need to obtain a property envelope for 
adhesive materials.
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ADHESIVE and ADHESION
3.1. Introduction.
Adhesives are classified as either organic or inorganic materials in a number of different 
ways; by origin, by method of bonding, by end use, or by chemistry. Table 1 gives a 
broad classification of the organic adhesives based upon origin under the general 
headings of animal, vegetable, mineral, elastomeric, thermoplastic and thermosetting 
adhesives.
Thermoplastic adhesives are so called because they may be softened by heating and 
rehardened on cooling without undergoing chemical changes. There is a wide range of 
such adhesives, many of which contain the vinyl group. Two-part liquid acrylic 
adhesives are now available in forms which allow the liquid to be applied to one surface 
and the initiator (activator or catalyst) to the other. Pre-mixing the two components can 
result in a rapid set unless specially formulated. Some reservations have also been 
expressed regarding durability against moisture when used on metal surfaces, although 
there is conflicting evidence on this point. Nevertheless, the acrylics show potential for 
providing an alternative source of structural adhesive to the epoxy resin in the future, 
particularly as they are believed to be less toxic (Shields, 1974).
The molecular chains present in thermosetting adhesives undergo irreversible cross­
linking on curing. Unlike thermoplastics they do not melt or flow on heating but become 
"rubbery" and lose strength. Synthetic resins formed from a reaction between urea, 
phenol, resorcinol or melamine and formaldehyde are common adhesives of this type 
used in the production of glulam. However, for hot and moist exposure conditions 
phenol or resorcinol formaldehyde products only are favoured. The other very important 
thermosetting adhesives come from the epoxy and unsaturated polyester groups. As 
structural adhesives, epoxies are the most widely accepted and used. They typically 
contain several components, the most important being the resin. To the base resin are 
added a variety of materials, for example hardeners, flexibilisers, tougheners and fillers. 
These all contribute to the properties of the resulting adhesive. Formulations may be 
further varied to allow for curing at either ambient or elevated temperatures. The epoxies 
and polyesters, together with acrylics, polyurethanes and synthetic polymer lattices will 
be discussed in greater detail in the sections which follow. However, it will become
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evident that epoxy resins have several advantages over other polymers as adhesive agents 
for structural engineering use, namely:
1. High surface activity and good wetting properties for a variety of substrates.
2. May be formulated to have a long open time (the time between application and
closing of
the joint).
3. High cured cohesive strength; joint failure may be dictated by adherend strength.
4. May be toughened by the inclusion of a dispersed rubbery phase.
5. Lack of by-products from curing reaction minimises shrinkage and allows the
bonding of large areas witii only contact pressure.
6. Low shrinkage compared with polyesters, acrylics and vinyl types; hence, residual
bondline strain in cured joints is reduced.
7. Low creep and superior strength retention under sustained load.
8. Can be made thixotropic for application to vertical surfaces.
9. Able to accommodate irregular or thick bondlines.
10. May be modified by
(a) selection of base resin and hardener
(b) addition of other polymers
(c) addition of surfactants, fillers and other modifiers.
3.2. Classification of epoxy resins.
Epoxy resins have only been available commercially since the Second World War and are 
traditionally based upon the reaction of epichlorohydrin on bis-phenol A, to give a liquid 
compound of linear molecules terminating with epoxy groups and having secondary 
hydroxyl groups occurring at regular intervals. The formal representation of the chemical 
structure of the resulting diglycidyl ether of bisphenol A (DGEBA) is shown in Fig. 3.1 
by Lark (1983). Thus epoxy resins can be regarded as compounds which normally 
contain more than one epoxy group per molecule. A general categorisation of the base 
resins which may be encountered in epoxy adhesive formulations is given in Table 3.2 
and, of these, the DGEBA and DGEBF resins, or blends of the two, are the types most 
commonly encountered in two-part room temperature cure epoxy adhesives used in the 
construction industry.
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Table 3.1 Adhesive classification.
Group Type Source Use
Animal gelatin mammals, fish can labels
casein
albumen
milk
blood
plywood, blockboard
Vegetable starch corn, potatoes, paper, packaging
cellulose acetate rice leather, wood,
cellulose nitrate cellulose
cellulose
china
Mineral asphalt
bitumen
earth's crust road pavements
Elastomeric natural rubber tree latex carpet making
SBR synthetic tyre vulcanising
nitrile rubber synthetic PVC solvent glue
polyurethane synthetic fabrics, bookbinding
Thermoplastic PVA synthetic wood and general
polystyrene synthetic model making
cyanoacrylates synthetic plastics, metals, glass,
liquid acrylics synthetic rubber
structural vehicle assembly
Thermosetting phenol-form aldehyde synthetic chipboard and
urea-formaldehyde synthetic plywood
unsaturated polyesters synthetic glass fibre, resin mortars
epoxy resins synthetic structural especially metal to 
metal
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Fig. 3.1. Chemical structural form of DGEBA (by Lark, 1983).
3.3. Epoxy hardeners .
Adhesive properties of epoxies are obtained by polymerisation using a cross- linking 
agent, commonly referred to as the hardener, to from tough three-dimensional polymer 
networks. A general categorisation of the common hardeners is given in Table 3.3.
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Glycidyl epoxy resins Non-glycidyl epoxy resins
Cycloaliphatic
resins
Epoxidisea olefin 
resins
Glycidyl esters glycidyl Ethers Glycidylamines
glycidyl ethers of Glycidyl ethers of
polyhydric phenols aliphatic polyols
Diglycidyl ether Diglycidyl ether Epoxy novolacs Others
of bisphenol "A" of bisphenol "F"
Blends
Table 3.2. A general categorization of epoxy resins (by Lark, 1983).
Hardeners for Epoxy resin
Polythiols
Polyamines Polyamides Polysulphides poly mercaptan s Dicyandiamides Acid
. Anhydrides
Blends
Aliphatic 
' Primary 
Secondary 
Tertiary 
Modified
.Cycloaliphatic
Aromatic
Table 3.3 Hardeners for epoxy adhesives (by Lark, 1983).
Chapter Three 33
3.3.1. Aliphatic polyamines.
The aliphatic polyamines are one of the most commonly used hardeners in room 
temperature curing epoxy adhesives. With glycidyl ether resins only relatively small 
quantities (6 -1 2  parts per hundred of resin) are required, although sometimes the rate of 
reaction may be a little too fast for convenience, particularly in conditions of high 
ambient temperature. The hardened adhesive is rigid and provides good resistance to 
chemicals, solvents and water. Some aliphatic amine compositions react with carbon 
dioxide and moisture in the atmosphere causing a characteristic tacky surface layer on the 
cured product. For this reason the bonding surface provided is not good enough for the 
addition of further epoxy resin compounds (Mika 1973). All aliphatic amines are caustic 
and can be difficult to handle, so they are generally modified for commercial use.
A common modification, which is performed commercially in order to selectively 
improve the performance, is to react a glycidyl ether resin with an excess of amine 
groups to produce a resinous amine adduct hardener. These have advantages over 
unmodified versions in that they result in more convenient mixing ratios, are less 
dangerous to handle, and exhibit reduced moisture sensitivity.
3.3.2. Cycloaliphatic amines.
The cycloaliphatic amines can give good cures under adverse conditions of low 
temperature and high humidity, and as such form the base of many modern grouts and 
resins used in structural engineering. Chemical resistance and mechanical properties are 
similar to those of the aliphatic amines but they are still skin irritants.
3.3.3. Aromatic amines.
Most aromatic amines give a sluggish cure at room temperature. They were primarily 
developed to provide improved heat and chemical resistance. Room temperature cures 
can be obtained by dissolving the amine in a diluent but this tends to reduce the strength 
of the adhesive. The benzene ring structure of aromatic amines results in a dense stable 
cross - linked network which tends to give good water resistance but rather brittle cured 
resins and lower strengths than can be achieved with aliphatic amines. Their intrinsic 
brittleness may, however, be reduced by the addition of modifiers (Mays 1992).
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3.3.4. Secondary and tertiary amines.
Tertiary amines can be used as sole curing agents but in adhesive formulations they are 
more normally found in blends, for example as accelerators with polyamide systems (Lee 
and Neville 1967). The cured resins tend to be less temperature and chemical resistant 
than the amines described above. Secondary amines react first like primary then as 
tertiary amines.
3.3.5. Polyamides.
These should be strictly called polyamidoamines as it is still the amine group which 
provides the reactivity. However, larger quantities of hardener are required than with 
aliphatic amines and they tend to have a slower rate of reaction. Flexibility is generally 
improved but other properties tend to be inferior, although curing at elevated temperature 
will effect an improvement. Mixing ratios are less critical and polyamides are less likely 
to give skin irritation so that they are especially suitable for use in the twin - tube 
packages sold as all - purpose household glues. Water resistance is unsatisfactory for 
longer term structural applications.
3.4. Epoxy additives.
The wide range of properties available from different combinations of epoxy resins and 
their hardeners can be further extended by the use of other additives. These include anti - 
oxidants, diluents, flexibilisers, stabilisers, tougheners, fillers, surfactants and adhesion 
promoters.
3.4.1. Fillers.
In practice most epoxy resin systems have fillers incorporated, often simply to reduce 
cost although they may also assist in gap filling, reduction of creep, reduction of 
exothermal reactions, corrosion inhibition and fire retardation. Their incorporation will 
also alter the physical and mechanical properties of the adhesive. Construction resins in 
particular often include a large volume fraction of sand or silica.
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In general, fillers are inert materials which may be organic or inorganic in nature. They 
increase the viscosity of the freshly mixed system, but some also provide a shear rate 
dependency referred to as thixotropy. This is particularly useful for adhesives which are 
to be applied to vertical surfaces so that run - off can be minimised. The addition of 
fillers also serves to reduce the exotherm and subsequent thermal shrinkage on cure, and 
to extend the pot life. Thermal expansion coefficients are also lowered. With particulate 
fillers tensile and flexural strengths are usually reduced but compressive strength is 
improved. However, fibrous fillers can improve tensile strength and impact strengths. 
The effect on moisture and chemical resistance is less clear, there being some evidence 
that the presence of fillers can cause a wicking action aiding ingress of moisture (Comyn 
1981). However, plate - like filler particles may serve to reduce water transport. 
Traditionally asbestos was commonly used as a filler but for health and safety reasons 
this has now been replaced by materials such as silica flour, talc or aluminium powder.
3.4.2. Diluents.
These are generally incorporated to reduce the viscosity of the freshly mixed adhesive to 
offset the effect of the filler. This reduction of viscosity may be required to improve 
handling and spreading characteristics or to allow filler additions which tend to reduce 
cost. Other properties of the fresh and hardened adhesive can be affected by the use of 
diluents, for example pot life, flexibility and glass transition temperature. If the diluent is 
non - reactive, such as solvents which remain in the cured system, the net result is a 
deterioration of chemical and mechanical properties such as increased shrinkage and 
reduced adhesion. Reactive diluents containing epoxy compounds are capable of 
combining chemically with the resin / hardener system.
3.4.3. Flexibilisers.
These are long chain molecules which either cause a mechanical plasticising action (often 
referred to as plasticisers) or react to some extent with the resin during cure to increase 
flexibility by basically neutralising the attraction between adjacent chains. They are used 
to improve the impact resistance, peel strength or flexibility of epoxies but can cause side 
effects such as reduced tensile strength and glass transition temperature.
3.4.4. T ougheners.
Unmodified epoxy systems tend to be strong in shear, compression and tension but 
brittle when cleavage or peel forces are imposed as shown in Fig. 3.2. In general, 
adhesive joints are designed to avoid the latter forces but in practice they can rarely be 
eliminated entirely. Flexibilising can produce improvement in these properties at the 
expense of cohesive strength, but in recent years a technique known as "toughening" has 
been developed to overcome this problem. Toughening is achieved by the inclusion of a 
dispersed rubbery distortable phase within the load - bearing glassy matrix of the 
adhesive. The aim is to provide a physically but chemically linked zone which absorbs 
fracture energy and prevents crack propagation. The analogy with drilling out the crack 
tips in metal is often drawn. A common toughening agent is liquid carboxy - terminated 
butadiene acrylonitrile rubber which maintains the stiffness, hardness and temperature 
resistance of the adhesive much better than liquid plasticisers or flexibilibers. Both two - 
part and single - part epoxy can be toughened in this way, although it is more difficult to 
achieve a well dispersed rubbery phase in polymers cured at ambient temperature (Lee 
1981).
Fig. 3.2 Types of in - plane stress in a bonded joint.
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3.4.5. Adhesion promoters.
Sometimes referred to as coupling agents, these additives have the ability to enhance 
resin adhesion to surfaces such as glass or metals (Wake 1981). The most popular type 
are silanes which can either be mixed with the adhesive itself or applied to the substrate 
as a primer.
Commercially available resins may also contain fire retardants, anti - oxidants, 
surfactants, and so on. It may thus be deduced that useful adhesives are complex and 
sophisticated blends of many components. Not only the choice of hardener but also the 
presence of additives may affect significantly the physical and mechanical properties of 
both the freshly mixed and hardened adhesive. The rate of cure is temperature dependent 
and many formulations stop curing altogether below a temperature of about 5°C. If 
carefully formulated the change in volume between the uncured resin - hardener system 
and the fully cured polymer can be very low. This property, together with their relatively 
high strength and claimed resistance to moisture and chemical attack, forms the basis of 
the use of epoxy resins as structural. adhesives.
3.5. Theories of Adhesion.
Four main theories have been suggested to account for the phenomenon of adhesion: (a) 
mechanical interlocking, (b) electrostatic, (c) diffusion, and (d) adsorption theory.
3.5.1. Mechanical interlocking theory
The mechanical interlocking theory proposes that adhesion between an adhesive and a 
substrate is primarily dependent upon mechanical keying of the adhesive into substrate 
surface irregularities, ie, a rough surface will have a larger potential bonding area than a 
smooth one. For example, the roughening of timber prior to "glueing" provides a much 
stronger joint. However, the ability of clean, smooth surfaces to achieve good adhesion 
suggests that this theory by itself cannot account for much of the joint strength.
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3.5.2. Electrostatic theory.
The electrostatic theory of adhesion, expounded initially by Deryagiun and co - workers 
(1955, 1957, 1969) is based on the proposed existence of an electrical double layer 
across an interface. This theory has aroused considerable controversy as it is widely 
believed that much of the electrical charge measured on the broken parts of adhesion joint 
may have been produced during the failure of the joint. Kinloch (1980) suggests that the 
electrostatic observation probably arises from, rather than results in, high levels of 
adhesion. Mays (1985) suggests that the electrostatic forces are more likely to be the 
result, rather than a cause of a high joint strength.
3.5.3. Diffusion theory.
The diffusion of theory of adhesion was initially proposed by Voyutskii (1963) in the 
then Soviet Union. The main idea here is that adhesion between two phases occurs as a 
direct result of intermixing of the two contact substrates at the molecular level. For this to 
occur, molecules existing within the interfacial zone must, (a)have high molecular 
mobility, and (b) exhibit a sufficiently high degree of compatibility. The latter 
requirement is unlikely to be fulfilled for the majority of bonding applications where an 
extraneous adhesive is employed to bond thermoplastic substrates, as the required levels 
of compatibility would be insufficient for bond formation via a molecular diffusion 
process. A diffusion mechanism is generally considered responsible for the self 
adhesion, or autohesion, exhibited by many unvulcanised elastomers, with natural 
rubber being a well known example.
Although Voyutskii has not claimed a diffusion - related mechanism for the adhesion 
phenomena exhibited in epoxy - metal bonding, other Soviet researchers have suggested 
the need for the "diffusion" of adhesive into the rough porous oxide layers found on 
many metallic alloys as aluminium. Although such a "diffusion" process is clearly 
necessary so as to maximise the required degree of overall area contact between adhesive 
and substrate, diffusion must be regarded as an intermingling of the two components of 
an interphase on the molecular level.
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3.5.4. Adsorption theory.
The main idea of the adsorption theory is that, provided sufficiently intimate 
intermolecular contact is achieved between two materials, they will adhere because of 
surface force interactions between the atoms in the two contacting materials. The 
intermolecular forces responsible for this behaviour are secondary bonds known as van 
der Waal forces. In some cases primary forces due to ionic, covalent or metallic bonds 
may also operate and this is known as chemisorption. Although adhesion arising from 
so- called secondary force interactions can alone result in very reasonable joint strength 
characteristics (can usually be regarded as the dominant factor in adhesion) the additional 
presence of covalent bonds across the interface is often regarded as providing 
enhancements in load-bearing capacity.
Of all theories proposed to account for the phenomenon of adhesion, the so- called 
adsorption theory is the one which has achieved most general acceptance, and which can 
be said to offer the greatest relevance to adhesive bonding with epoxies (Hunstberger 
1967, and Wake 1982).
3.6. Wetting.
Possibly one of the single most important factors likely to influence the strength of an 
adhesive joint is the ability of the adhesive to wet and spread spontaneously on the 
substrate surface. This most important characteristic can be quantified in terms of the 
contact angle which a liquid (adhesive) forms when placed in contact with a solid surface 
as shown in Fig. 3.3. Considered initially by Young (1805) the related contact angle to 
the surface energies of the two contacting materials, as indicated in the equation which 
has been given his name:
y  =  7  , +  / ,  c o s#  l sv 1 si r lv
where
y  = surface free energy of the substrate in contact with the vapour of the liquid (adhesive).
Y  ̂ = interfacial free energy.
Yfy = liquid (adhesive) surface free energy.
6 = contact angle of liquid adhesive.
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Fig. 3.3. Contact angle 0 of a liquid (adhesive) in contact with a solid surface.
As a contact angle of 6 = 0 will clearly be a desirable objective, Young's equation can be 
employed to demonstrate a simple wetting criterion, namely that for the case where an 
adhesive will spontaneously spread on a substrate, then:
^ r sl + r lv
If the interfacial free energy , y is ignored, which may or may not be of importance,
the criterion in the last equation can be simplified still further to state that spreading of 
adhesive on substrate will occur when:
*
i.e. when the surface free energy of the substrate is greater than that of the intended 
adhesive. Although highly simplified, the above offers, at the very least, an indication of 
the surface energy factors which are likely to be of importance for the successful 
utilisation of a structural adhesive.
3.7. C onclusion.
Although there is a range of chemically different structural adhesives, those based upon 
epoxy resins have, over recent years, earned a reputation for combining both high load­
bearing characteristics together with ease of processing, and can be regarded as 
workhorse products. A number of highly favourable characteristics can be regarded as 
responsible for this popularity.
(1) They exhibit excellent adhesion to most metallic alloys and various other substrate 
types.
(2) They are highly versatile in the sense that a wide range of processing, cure and 
property characteristics can be achieved.
(3) They cure by reaction mechanisms which do not result in the generation of volatile 
by- products, e.g. water. Thus processing is relatively easy, without the necessity for 
high applied pressures during the bonding operation.
(4) They exhibit good wetting properties when applied to well prepared surfaces and 
exhibit relatively low shrinkage cure.
A study of the literature concerning epoxies reveals the vast number of formulation 
variables which can be employed for many applications including adhesives (Potter 
1970, and May 1988). Many different types of epoxy resins exist, ranging from the 
essentially workhorse epoxy, the diglycidylether of bisphenol A(DGEBA) to the more 
complex systems based upon tri- and tetrafunctional resins. A large number of curing 
agents can be employed to convert the epoxy prepolymer to a crosslinked network, with 
a large number of these being capable of use in adhesive formulations. In addition, 
adhesive formulations can contain and benefit from further additives including fillers, 
toughening agents, coupling agents etc., as well as being available in liquid, paste or film 
form, thus demonstrating the wide variation in epoxy adhesive types available for the 
potential user.
CHAPTER
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STRESS ANALYSIS OF ADHESIVE LAP JOINTS
4.1. Introduction.
The ability to predict the loads, and hence stresses, which are usually found in practice is 
the basis of structural engineering design. The skill of an engineer is to use the best 
available materials and design techniques to arrive at a suitable solution because the loading 
system is often prescribed by the function of the structure. However, strong emphasis is 
placed in modern engineering on the need to quantify the structural loads and stresses 
together with the new and more demanding environments.
A major advantage of adhesive bonding is that it enables the jointing of dissimilar 
materials, even when one or both of these is non - metallic. Ideally, the designer will wish 
to predict the strength of a joint from his knowledge of the adherends, the adhesive, the 
geometry, and the loading system. Knowing the crystal structure and the strength of the 
crystals of a steel strip does not make it easier to predict the fatigue life or to predict the 
strength of a joint from first principles. There has to be a limit, or rather a collection of 
limits, set for a given situation. While for a joint which is often used, testing and 
experience may be better than any analysis, for an expensive, one - off design in a critical 
component, a detailed analysis should be made. For all joints, some mathematical analysis 
is necessary so that strength predictions can be made and experimental data interpreted.
4.2. Analysis methods.
One method is to set up a series of differential equations to describe the state of stress and 
strain in an adhesive joint, and to solve these by using algebraic functions to obtain 
solutions. It is possible to devise a solution for given boundary conditions in the simple 
case where the adhesive and the adherends are all elastic. As non - linearities arise these 
methods are becoming increasingly more difficult to use. Joint rotation and material 
plasticity are causes of non - linearity . However, it is possible to produce solutions which 
can readily be used to vary geometric and material parameters to cover a range of cases, by 
making various simplifications. Computers have led to the development of finite element 
techniques, in which the structures is split into a series of parts, each of which obeys the 
prescribed material behaviour and each of which interacts regularly with it is neighbours in
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terms of force continuity and displacement compatibility. The finite element technique is 
very powerful and can be efficiently used in that small elements need only be used where 
there are large stress gradients. The major problem is that each solution applies only to a 
given set of parameters. A new computer run is required for each change in adhesive 
thickness, adhesive modulus, adherend thickness, and so on. While it is possible to use 
mesh generation programs to alter the geometry, and while changing moduli is simple, the 
cost in computing time for a parametric study is not insignificant. It is necessary to use 
very fine meshes because very large stress gradients and singularities can exist in typical 
joints. Thus, the computing power required is large and the cost of a parametric study 
unattractive, particularly when non - linear behaviour is included. However, for 
understanding the mechanics of real joints finite element techniques are extremely useful.
4.3. Algebraic solutions.
4.3.1. Single lap joint.
The simplest form of joint is die single lap joint in Fig. 4.1(a) (Adams 1986). Test joints of 
this type can be made from thin metal sheet (25mm wide, 12mm overlap length and 1.6mm 
thick). The joint is simple to make and the results are sensitive to both adhesive quality and 
adherend surface preparation. If the adherends are considered to be rigid, and the adhesive 
to deform only in shear, then the average adhesive shear stress is given by
where
• P = The applied load.
• h = The width of the joint.
• / = The length of the joint.
• t = The adhesive shear stress.
The design of adhesive joints is based on this simple equation in a variety of cases. It is not 
surprising that the joint is strong enough because often a large factor of safety is used. The 
"factor of safety" contains a large contribution towards ignorance and uncertainty.
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However, the adherends can deform, and then differential shear takes place in the 
adhesive. The adhesive stresses can be predicted (Adams 1986) as shown in Fig. 4.1(b). 
The ratio of the shear stress r x at any position (x) from one edge of the joint to the average
applied shear stress ( z m = — ) is given by,
bl
Tx  _ cosh J - L ö )  sinh coX 
T 2  sinh Cl̂ 2  (p + 1 2  cosh
(4.2)
where:
fi)Z = (1 + (p)(f) 
(p = t l / t2
(/> = GV
Eth
X = x/1
G = Shear modulus of the adhesive.
E = Young's modulus of the adherends. 
t i,t2  = Thickness of the adherends. 
t3 = Thickness of the adhesive.
1 = Length of the joint.
p< -
\ \ \ \ V X
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(b)
Fig. 4.1. Exaggerated deformations in loaded single lap joint
(a) with rigid adherends (b) with elastic adherends (by Adams, 1986).
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If the adherends are of equal thickness, (p = — = 1 and co = J26.
h
The maximum adhesive shear stress occurring at the ends of the joint is then
Tmax _ Hcotluf± ...
T V 2 V 2 m
(4.3)
In other words, the maximum shear stress at the ends of the joint is more than five times 
the average shear, which indicates that the joint is likely to fail initially at the ends.
It is worth noting that for large (25 mm) overlap lengths with adherends of equal thickness
t, the absolute value of the maximum shear stress is r  Y -  „ ——— » ........(4.4)
max V 2 Etu
where:
t = the equal thickness of the adherend, 
t3 = thickness of the adhesive
which is independent of the overlap thickness.
The theory that Volkersen developed takes no account of three important factors. Firstly, 
the directions of the two forces P in Fig. 4.1 are not collinear. There will therefore be a 
bending moment applied to the joint in addition to the in - plane tension. Secondly, the joint 
is allowed to rotate as a result of the adherends bending. This results in a geometrically non 
- linear problem which arises because the rotation alters the direction of the load line in the 
region of the overlap. Thirdly, the theorem of complementary shears means that the shear 
stress at the end of the adhesive must be zero to accommodate the free edge.
Goland and Reissner, 1944, took bending into account by using a factor, K, which relates 
the bending moment on the adherend at the end of the overlap, Mo, to the in - plane loading 
by:
M = K P -  ......... (4.5)o 2
where t is the adherend thickness. No rotation of the overlap takes place if the load on the 
joint is very small, and the line of action of the load is passing close to the edge of the 
adherends at the ends of the overlap. In this case, Mo ~ Pt/2 and K « 1.0. As the load is 
increased, the overlap rotates bringing the line of action of the load closer to the centre - 
line of the adherends, and thus reduces the value of the bending moment factor. Also, the 
adhesive layer was treated as an infinite number of shear springs and an infinite number of
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tension springs in the y direction, and expressions were derived for the adhesive shear 
stress ( tx) and the normal stress (cry). The shear stress distribution is similar to that
predicted (Volkersen 1938), and the normal stress is given by:
a  = at4
y c 2
(AB+CD)
where:
,2 K• A = RnX -----XK. coshX cosX
2 2 1
„ , Xx Xx• B = cosh— cos—
L L
• C = R, 7? — -  XK. sinh X sin X
1 2 1
^  . , Xx . Xx• D = sinh— sin —
L L
• a  = average applied stress.
2
1
t 6E t -
• A = - ( — 2-)4 
t Et
3
• E3 = Young's modulus of the adhesive.
• t = Adherend thickness.
•Rj = cosh X sin X + sinh X cos X 
= sinh X cos X -  cosh X sin X• * 2
_ (sinh 2X + sin2 ^ ^  
• v = Poisson's ratio.
(4.6)
The work of Volkersen, Goland and Reissner was limited because the peel and shear 
stresses were assumed constant across the adhesive thickness, the shear was a maximum at 
the overlap end and the shear deformation of the adherends was neglected. There can be no 
shear stress on the end face of the adhesive because it is a free surface.
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4.3.2. Double lap jo in t.
The work of Keer 1975, on double lap joints suggested that the cover layers of elastically 
identical material P y V y  and thickness hi are perfectly bonded to a middle layer with
properties and of thickness 2h2. Here, ¡1 and v are the shear modulus and
Poisson's ratio, respectively. The lengths of the bond are 2c and the adhesive thickness t as 
shown in Fig. 4.2.
i kY
2P
hip ^ ~~ ¿Tvi
--------m --------------------- znz--------
X
I»-* - ^ vi hi
h*------------------►c
Fig. 4.2(a). Geometry of double lap joint.
Fig. 4.2(b) Geometry and coordinate system of quarter.
The loading shown in Fig. 4.2(a) provides complete symmetry in the vertical displacement 
and shear stress with respect to the horizontal midplane of the central layer. Therefore, the 
boundary - value problem in Fig. 4.2(a) is equivalent to that shown in Fig. 4.2(b) where 
the vertical displacement and shear stress are on y = h2, the half thickness of the central
{(th+fhlayer. An internal moment of magnitude P
U  2
A
+1 provides equilibrium for the
problem. The normal and shear stresses are continuous on the plane y = 0, while the 
displacements are continuous in the bond region, 0 < x < c, and discontinuous exterior to 
this region. Elementary extension and bending solutions are prescribed for the layers and 
are used with the continuity conditions to develop the fundamental boundary conditions.
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Numerical results are given only for the case of identical materials, and the parameters used 
in the calculation will be geometrical, c/h i and h i/h2- To use the numerical scheme of 
Erdogan ,1972, it is convenient to introduce the following variable changes:
c % hi
s = ct, a  -  — , o = —
*1 *2
T(i) = T(cO = - t 2)~2
G{s) = a{ct) = ^-(p2{t){l-t2) 2
When 8 = 1 the shear stress is symmetric with respect to the plane x = 0, while the normal 
stress is anti-symmetric. The value of 8 = 1 is one in which the stress - intensity factors 
are equal at either and of the bond region. In this study, as <5 > 1 the stress - intensity 
factors at x = c become unequal, with the values at x=0 being smaller. The stress - intensity 
factors areKlyK2,K3 and K4. It is noted that as the values of a  increase the stress -
intensity factors in all cases appear to diminish. The stress - intensity factors increase with 
diminishing a \ thus, as the bond breaks at the edge, it will continue to do so until the 
layers are completely separated.
The stress - intensity factors, KY,K2 of the shearing stress and K2,K4 of the normal stress 
(Keer and Chantaramungkorn, 1975) are
Kl = V 2 0  + 0T,,,(M))/(P/ft1)
K2 =^2{l- t )Txy(t,0)/(Plh^)
tf, = V2(TT7)T„(i,0) K P ! \ )
K a = V 2 a z tjT„(t.O) / (P / \ )
4.4. End effects.
The maximum adhesive stresses, as shown by the results, always occur near the end of the 
bond line. The closed - form algebraic lap joint analyses which have been discussed have 
all assumed that the adhesive layer ends in a square edge as shown in Fig. 4.5(a).
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Fig. 4.3. Shear bond stress versus x/c for 5 - 2  (by Keer, 1975).
Fig. 4.4. Normal bond stress versus x/c for 5 = 2  (by Keer, 1975).
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Fig. 4.5. Diagrammatic lap joints to show adhesive layers (a) square (b) fillet.
Experimental (Coker 1986) and analytical work (Inglis 1923) have shown that a 
rectangular plate with shear loading on two opposite sides experiences high transverse 
tensile stresses at its corners, the magnitude of these being about four times the applied 
shear stress. These direct stresses arise because the stresses acting on the free surface must 
be zero. If the adhesive layer is assumed to have a square edge, it would be expected that 
similar tensile stresses must occur in the comers of this layer, because of the free surface.
In general, adhesive joints do not have a square edge but have a fillet of adhesive which 
has been squeezed out during manufacture of the joint. Therefore, it is not realistic to 
assume that the adhesive layer has a square edge . A model consisting of silicone rubber 
cast between two, rigid, steel adherends was constructed (Adams and Peppiatt 1974) 
because it was difficult to carry out experimental stress analysis on the adhesive layer in a 
typical joint. This model was based on the earlier experimental stress analyses by Adams 
(1973), using hard rubber for the adherends and soft rubber for the adhesive. Good 
agreement was shown between the predicted and actual deflections. Fig. 4.6 shows the 
principal stress pattern obtained by finite element analysis.
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Fig. 4.6. Principal stress pattern for silicone rubber model showing end effects
(Adams and Peppiatt, 1974).
The magnitude and direction of the principal stresses at the centroid of each finite element 
is represented respectively by the length and direction of the lines. A bar at the end of the 
line implies a negative principal stress. It is evident that the presence of the fillet causes the 
stress pattern to differ significantly from the pattern at the end with no fillet. The high 
tensile stresses predicted (Inglis 1923) are shown at the points Ai and A2, the absolute 
magnitude of the largest elemental principal stresses being at least 3.6 times the shear stress 
in the rubber between the plates. This is of similar size to the value predicted by Inglis. It 
should be noted that the rubber away from the ends of the steel plates is in pure shear, as is 
shown by the equal and opposite principal stresses in the elements in this region. It can be 
clearly seen that the presence of the fillet causes very large changes in the adhesive's stress 
distribution in the highly - stressed region at the joint end.
The work of Adams 1982 suggested that structural adhesives, such as epoxy resins, are 
somewhat brittle materials; they exhibit some non - linearity in their uniaxial tensile stress - 
strain curves. A small increase in the tensile strain at failure of an adhesive has recently 
been shown to relieve the high stress concentrations and increase the strength of lap joints . 
There was a good correlation between the maximum predicted principal strain in lap joints 
and the failure strain of the adhesive tested in uniaxial tension. Therefore, a modest 
increase in the tensile strain at failure is important in producing a strong lap joint when 
using low - ductility adhesives.
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4.5. Elasto - Plastic analysis.
All analysis so far have only considered elastic behaviour. However, most modern 
adhesives have been developed to be able to yield significantly before failure. Also, some 
of the new adhesives are so strong that the adherends may also be caused to yield. 
Physically, two opposite effects occur when the adherends yield. The effect of adherend 
differential straining was shown in Fig. 4.1(b) to cause adhesive shear stress peaks 
towards the bond - line end. The differential straining is enhanced and so the adhesive 
stresses will be increased if the adherends yield at their loaded end, leading to premature 
failure. However, the adherends will more easily rotate under the effect of the non - 
collinear applied loads if they are stressed to yield. This causes the Goland and Reissner 
joint factor K to decrease more than if the adherends remained elastic, hence reducing the 
stresses. Thus, both adhesive and adherend plasticity need to be considered.
There have been two basic approaches to studying the stresses in lap joints when plasticity 
occurs. The first of these to be considered is based on the use of continuum mechanics, 
while the second uses finite element techniques. Unfortunately, the continuum mechanics 
methods (Hart - Smith 1981, and Grant 1976, 1981) are restricted in their application 
because they do not allow for adherend plasticity.
Adhesive yielding will be considered first. It is widely accepted that the yield behaviour of 
many epoxy resins is dependent on both the hydrostatic and deviatoric stress components. 
The yield stress in uniaxial tension is a consequence of this phenomenon . The ratio of 
compressive to tensile yield stress increases with the amount of plasticizer present in an 
epoxy as shown by Bowden and Juknes, (1972). This behaviour can be incorporated into 
any analysis by assuming a paraboloidal yield criterion of the form:
( ° r ° 2 y + ((?2 -  C7,y ?  + (°3  “  + 2( a — <Jji) *  (cx^ +  cr2 +  ag )
2 <yc G r
(4.7)
where:
• ~ PrinciPal stresses causing yield.
G , G j-  The absolute values of thè uniaxial compressive and tensile yield stresses.
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This type yield criterion was proposed (Raghava et al 1973), and was shown by them to 
apply to several amorphous polymers over a wide range of stress states. It should be noted 
= Oj,  the paraboloidal yield criterion reduces to the more familiar Vonthat when <7
Mises cylindrical criterion.
4.6. Finite element analysis
The second method for lap joint analyses is to use numerical methods, which have become 
increasingly attractive as computing power becomes more readily available. Wooley and 
Carver, (1971) were among the first to analysis the single lap joint configuration using 
finite element methods. Their results gave similar stress concentrations to those given by 
Goland and Reissner 1944.
Constant strain triangular finite elements were used (Adams and Peppiatt 1974), to 
compare a square edged adhesive layer with one with a fillet extending the full height of the 
joint. They were able to predict the direction of cracks in failed lap joints by showing that 
the highest stresses occurred near the adherend corner in a direction of approximately 45° 
to the surface of the adherend. This work was extended (Adams et al. 1978) to use more 
advanced elements with a liner strain variation, and they were able to predict the strengths 
of double lap joints for two epoxy adhesives by considering the non - linear stress - strain 
relationship of the adhesive. Even though the adhesive strength was lower, they showed 
that an increase in adhesive strain to failure of between 3 to 5 % gave a stronger jo in t. A 
3% - 5% failure was shown to have a 27% increase in the load carrying capacity of the 
joint.
Harris and Adams 1984, took into account both the adhesive and the adherend plasticity: 
their finite element analysis was also able to allow for large - scale joint rotations. It is still 
necessary to use a failure criterion for analysis which take into account plastic deformation 
of the adhesive and adherends, together with joint rotation and corner effects. The 
preliminary work by Harris and Adams on a limited number of adhesives and adherends 
implied that different criteria were necessary for different classes of adhesives. Thus, while 
the maximum principal adhesive tensile strain at failure was suitable for toughened 
adhesives, the maximum principal stress seemed to be better for the untoughened epoxies. 
It is unsatisfactory to have different criteria for different materials, although this is not 
uncommon in metals. With brittle metals, for example, stress is quite a good failure
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criterion, while, with ductile metals, a yield criterion has to be used. However, the yield 
criterion does not necessarily define failure, especially where work hardening may take 
place. So it is in adhesive joints. There are different conditions which apply where yield is 
extensive than when it is very limited or even non - existent. Allowance for work 
hardening of the adhesive can be made by adjusting the level of a T  in equation No. 4.7.
4.7. D irection of cracks in failed joints.
It has been observed that in the spew of aluminium to aluminium joints bonded with low - 
ductility adhesives, cracks are formed approximately at right - angles to the directions of 
the maximum principal stresses predicted by the finite - element analysis. These cracks, 
generally, run close to the comers of the adherends. The region where cracks are formed in 
the spew is indicated in Fig. 4.7. These observations give weight to the view presented 
here that failure in a lap joint is initiated by the high tensile stresses within the spew. The 
cohesive failure of the adhesive occurs in this manner in normal, well - bonded joints. 
However, if the boundary of the adherend and adhesive is weak, the spew is not cracked 
but is pulled away from the loaded adherend surface by the tensile stresses in the spew. It 
should be noted that complete removal of the spew by machining would be difficult 
without machining either of the adherends, so that some spew, similar in size to the glue - 
line thickness, is likely to be left at the end of any joint. Also, machining may initiate 
cracks in the adhesive, especially if it is one the more brittle high - temperature adhesives. 
Thus an adhesive layer with a square is not only undesirable but is unlikely, and even 
difficult to obtain in practice.
Fig. 4.7. Principal-stress pattern at the end of an adhesive layer.
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4.8. Comparison of double and single-lap joints.
The effect of greater bending in the single - lap joint appreciably affects the magnitude, but 
not the direction, of the principal stresses within the spew was suggested by the work of 
(Adams and Pepplatt 1974). The magnitude of the maximum principal stresses in the single 
-lap joint has an 80 % increase over those in the double - lap joint for the same load applied 
to the adhesive layer.
The finite - element results for a given adhesive thickness indicate the stress - concentration 
ratio, i.e. (maximum principal stress in double - lap joint) / (maximum principal stress in 
single - lap joint), as 0.54. The stress - concentration values were obtained from the 
average of four adjacent elements in and near the chamfer and are based on the increase 
over the applied average shear stress. The agreement between the results is good, 
indicating that the principal stresses in the spew are the iniators of joint failure.
4.9. Conclusions.
The work of previous researchers has shown that there is reasonable agreement between 
the stress distributions obtained for an adhesive-bonded lap joint by the finite-element 
method and classical analytical techniques. Those theories which made the most realistic 
assumptions had the best agreement. Shear, transverse normal, and principal-stress 
distributions in both single-lap and double-lap joints were obtained by using the finite- 
element method. Allowance for end effects was not made in most of the classical analytical 
techniques, and none can predict the stresses in the adhesive spew.
Good agreement with practical results has been obtained because of the assumption that the 
joint materials are linearly elastic. The direction of cracks formed in the spew of failed lap 
joints and the maximum principal stresses at the end of the adhesive layer are predicted to 
be at right-angles. The influence of glue-line thickness on the maximum stress within the 
joint is more realistically predicted than it was by earlier theories.
The classical analytical results for adhesive-bonded lap joints are limited by the 
assumptions made in order that a good solution may be obtained. However, it is relatively 
easy to consider the effects of spew by using a finite-element technique. It has been shown 
that it is very important to include these effects if realistic stress distributions are to be 
obtained, particularly in the highly stressed areas at the ends of the joint.
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FATIGUE PERFORMANCE
5.1. Introduction.
The engineering field has been using adhesives for many years. The range of adhesives 
available for selection are as varied as the uses. Because of their economic advantages 
and their potential for effective joints between dissimilar materials, adhesive applications 
are continuously growing. It is necessary to focus upon specific areas to achieve 
appreciation of the potential problems, because of the diversity of industrial applications, 
adhesive types, and adherend combinations.
The limited availability of long term property data for different combinations of 
adherends, adhesives, stress regimes and environmental conditions is one of the main 
concerns which prevents greater uses of adhesive bonding techniques. Even though the 
lifetimes achieved with adhesively bonded joints are often extended, there has been very 
little attention given to the fatigue performance of adhesively bonded joints .
Dynamic fatigue is important because joints under fluctuating loads will fail at stress 
levels much lower than they can withstand under monotonic loading, therefore, because 
all materials are liable to fatigue failure, this accounts for many failures. Generally, 
compared with other methods of fastening, such as rivets, spot welds or mechanical 
fasteners adhesive are regarded as having good fatigue properties . Also, adhesives give a 
more even stress distribution in the adhesively bonded joint when compared with the 
other joining methods.
5.2. Fatigue resistance.
A structural adhesive joint is, in reality, a complex load bearing system even though it 
may appear to be simple. When correctly designed, adhesively bonded joints generally 
possess high fatigue resistance because of the absence of stress concentrations, however 
there is some peak stresses at the ends of the joint. The adhesive bond distributes the load 
over the entire contact surface because, unlike bolting or riveting, there are no holes to 
localise and concentrate stresses. Also the susceptibility to corrosive attack is reduced 
because of the elimination of holes.
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The use of tough adhesives can further increase the fatigue resistance of adhesively 
bonded joints. These materials can store considerable amounts of energy without 
excessive strain, then release it during the reverse cycle. The toughening mechanisms 
presented in Fig. 5.1 are beneficial (McGrath 1993).
Fig. 5.1. Crack toughening mechanisms in rubber - filled modified polymers
(after McGrath, 1993).
Bonded structures which are used in benign environments are not likely to experience the 
levels of stress which occur in dynamically stressed structures that may be used 
anywhere in the world. For this reason, the performance of adhesively bonded joints in 
vehicles is a good yardstick to assess how well adhesives cope with, or fail to 
accommodate, the engineers' requirements. The necessary considerations are, therefore, 
to : •
• characterise fatigue behaviour of adhesives in representative environmental 
conditions,
• evaluate the influence of cyclic stresses, compared with static stresses, on the 
durability of adhesive bonded joints,
• define fatigue testing procedures,
• determine failure criteria to predict both strength and durability, and to propose 
design methods for adhesive joints stressed in fatigue.
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5.3. Fatigue tests.
A wide range of variables needs to be considered when designing dynamic fatigue tests. 
These include:
• specimen geometry,
• environmental effects,
• ambient, and internal temperature of the specimen, which in general will not be 
the same,
• characteristic wave form,
• frequency,
• stress ratio,
• strain ratio,
• mean stress level,
• the mean strain level,
• the periodic variation of load or stress system with a characteristic stress range,
• a corresponding strain range.
Fatigue testing in laboratories, generally, tends to be carried out at relatively high 
frequencies which has the advantage of enabling experiments to be completed relatively 
quickly. However, this has the disadvantage of missing certain frequencies of relevance 
in engineering practice. Diurnal phenomena can be of considerable interest in civil 
engineering, as can be annual fluctuations, and even much rarer events - occasional 
extreme loads, for instance. Before the widespread use of adhesives can be developed in 
civil engineering this limitation needs to be considered .
Simpler laboratory programmes are usually used to approximate complex service fatigue 
conditions where many of the above parameters are kept constant. The difficulty of 
reproducing service conditions underlines the importance of understanding the fatigue 
failure mechanisms. When designing the laboratory test for the development and selection 
of adhesive systems, and for life prediction studies, identification of these mechanisms 
will promote the inclusion of essential parameters.
Both the axially loaded butt joint ( Imanaka et al. 1984) and the single overlap shear joint 
loaded on tension (Melcon et al. 1971) are examples of a variety of different loading 
methods and specimen configurations that have been devised. However, the results from
these geometries are very dependent upon the exact geometry employed, and the 
frequency of testing affects the results. Creep tends to occur not only at the ends of the 
overlap, but throughout the joint in a low frequency test. Creep loads causes progressive 
increase in the strain in the adhesive which results in joint fracture after a relatively few 
cycles. However, when tested at high frequency, the load is removed before the adhesive 
has time to creep, the accumulated strain is low, and the joint survives for many cycles. 
The accumulation of creep deformation can be prevented by the correct design of the 
bonded component by increasing the length of the overlap so that even at low frequencies 
only the adhesive at the ends of the overlap will suffer creep. Therefore, when unloaded, 
the elastic strain in the central region of the adhesives lead to the adhesive largely 
recovering any creep strains that may have been incurred (McGrath 1993).
Several different approaches have been used to try to solve the problem of interpreting the 
results. Fatigue data characteristics of the adhesive used were produced by the thick 
adherend shear - test specimen (Romanko, and Knauss 1988), and such data can rank 
adhesive formulations. Either sub - scale or full scale bonded structures was tested by 
Kinloch et al„ (1983) to determine their fatigue life. However, this is both expensive and 
specific to the structure under test. Stress range against cycles to failure is a typical format 
for describing the results. However, a value of the stress range below which no signs of 
fatigue failure are detectable , an endurance limit or threshold value, is not indicated; 
although if longer duration tests were earned out, such a limit might become apparent. 
Obviously, the presence of such a limit is of considerable importance to the design 
engineer.
Continuum fracture mechanics is, potentially, a more useful approach. These concepts 
can be extended to describe the rate of crack growth in a joint subject to dynamic loading. 
To gain an understanding of the kinetics and mechanisms of fatigue crack growth and to 
assess quantitatively the service life under fatigue loading are the aims of adopting this 
approach .
5.4. Thermal fatigue.
Polymeric materials exhibit mechanical hysteresis during cyclic loading, because of their 
viscoelastic nature. A temperature increase in the specimen could result from the elastic 
deformation energy which may be dissipated as heat. The thermal mechanism may not
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necessarily involve fracture but may occur due to excessive plastic deformation. The 
temperature rise and rate of increase will depend upon the:
• dimensions of the adhesive and the joint,
• loss factor, thermal conductivity and specific heat of the adhesive substrates,
• test temperature,
• applied strain amplitudes.
For example, the temperature increase will be with a lower loss factor in the adhesive, 
hence with respect to thermal fatigue effects rubber toughened adhesives may be inferior 
to simpler formulations.
The temperature rise will be greater with increased frequency or maximum stress or strain 
experienced in each cycle. Referring to the latter point, runaway failures are not caused 
by deflection nor strain controlled tests. Because the adhesive softens the resulting strains 
increase. Runaway failures are far more likely in stress controlled dynamic tests. The 
properties of the joint may be affected even when the temperature rise upon fatigue is 
insufficient to cause thermal failure. Indeed, local increases of the temperature may cause 
crack blunting due to the yield stress of the adhesive being lowered, and so actually 
improve the mechanical fatigue resistance of the joint. Thus, thermal effects during 
fatigue are often important but frequently difficult to interpret (McGrath 1993).
5.5. Mechanical fatigue under cyclic stressing.
The most important facts about mechanical fatigue can be summarized (Orowan 1948) as 
follow s:
• A metal may withstand a certain number of applications of a stress, or of a stress 
cycle, and break when this number is exceeded.
• Fracture after cyclic stressing may occur even if the highest stress of the cycle is 
below the so-called elastic limit, i.e. the stress at which irreversible deformations 
become easily measurable.
• Very often there is a critical amplitude of alternating stress below which the material 
can withstand any number of cycles. Amplitudes below the critical are called safe , 
those above the critical, unsafe.
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• The critical amplitude is not influenced by the superposition of a constant stress if 
this is small compared with the elastic limit. In many cases, the critical amplitude for 
repeated loading (stress varying between zero and a maximum) is still approximately 
the same as for alternating load. With further increase of the mean stress, the critical 
amplitude decreases.
• If the logarithm of the stress amplitude S is plotted as a function of the logarithm of 
the number N or cycles after which fracture occurs, the resulting curve has usually the 
characteristic shape shown in Fig. 5.2. The horizontal branch corresponds to the 
critical amplitude.
• A material may show considerable damping (mechanical hysteresis and heat 
development) under safe cycles.
Log N
Fig. 5.2. Log S - log N curve.
There are no safe amplitudes for some materials ; the usually horizontal branch of the log 
S - log N curve is then slightly sloping downwards, while the general character of the 
curve remains the same. Metallurgical changes during the fatigue test could be the reason 
for the absence of a safe amplitude ; it has been suggested (Hanstock 1948) that a 
progressive precipitation causes cyclic stressing of age - hardening aluminium alloys, 
which are noted for not having safe ranges.
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5.6. Fracture mechanics.
The initiation and propagation of flaws usually cause the adhesive joint to fail and, 
because the basic idea of continuum fracture mechanics theories is that the strength of 
most real solids is governed by the presence of flaws, the application of such theories to 
adhesive joint failure has received considerable attention.
Continuum fracture mechanics is, basically, the study of the strength of a structure which 
contains a flaw, usually considered as an elliptical crack. The theories were originally 
developed for cohesive fracture of materials but have been extended to adhesive joints. 
Two main, inter - relatable. conditions for fracture have been proposed.
First, the energy criterion arising from the work of Griffith 1920, and Orowan 1948, 
which supposes that fracture occurs when sufficient energy realised by growth of the 
crack to supply the requirements of the fracture surfaces. The energy released comes 
from stored elastic energy or potential energy of the loading system and can, in principle, 
be calculated for any type of test - piece. However, even though, in principle, the energy 
release rate may be calculated, it may be difficult for some joint geometries and, hence, in 
order to measure this quantity suitable geometries have been developed. This approach, 
therefore, provides a measure of the energy required to extend a crack over unit area and 
this is termed the fracture energy or strain - energy release rate and is denoted by Gq.
Second, Irwin (1964) found that a parameter named the stress - intensity factor K could 
uniquely define the stress field around a crack . and that when the value of K exceeds 
some critical value, Kc. fracture occurs. It should be noted that K is therefore a stress - 
field parameter independent of the material, whereas K^. often referred to as the fracture 
toughness, is a measure of a material property.
5.7. Theoretical calculations.
5.7.1. The energy-balance approach.
The energy criterion for fracture is simply an extension of Griffith's hypothesis (1920) 
which describes the static-like crack propagation as the conversion of the work. W(j. 
done by the external force and the elastic energy. U. stored in the bulk of the sample into 
surface free energy. 7. For an increase in crack length. it may be written:
(5 .1)
d(Wd - U ) ^  ¿ 4  
da da ’
where
Y = the surface free energy per unit area 
A = the interfacial area of the crack and a is the crack length.
If the differentiation is conducted at a constant overall length, /,of the test-piece or, 
rather, if the external forces do not work because their points of application do not move, 
then, for a crack propagating in lamina of width, H , the energy criterion for fracture 
becomes
H
rdlP  
V da )i
> 2 y (5.2)
The works of Orowan, Rivlin 1948, and Themes 1953 suggested that this criterion with 
respect to metals and cross - linked elastomers, stated that normally the energy needed to 
cause crack growth is more than the surface free energy. This is because in most real 
materials inelastic deformation mechanisms are usually present. The relatively high 
strains experienced at, and close to, the crack tip are magnified by such mechanisms 
including plastic, viscoelastic, and energy dispersion processes. Thus, inelastic 
deformations usually occur around the crack tip, whilst elastic behaviour may be seen by 
the bulk of the material. The aforementioned authors assumed that such energy was 
dispersed in the immediate vicity of the crack tip in a way that is independent of the test 
arrangement and the manner in which forces were applied to it. Thus, 2 7 may be replaced 
in equation 5.2 by a parameter which covers all the energy losses incurred around the 
crack tip and is the energy needed to increase the crack by unit length in a test - piece of 
unit width. This parameter is represented by various symbols but the symbol Gc will be 
presently used:
H
rdU 
v  da
> G
n c
(5.3)
For structures exhibiting bulk linear - elastic behaviour, i.e., away from the crack - tip 
regions they obey Hooke's Law, equation 5.3 becomes:
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G p2c ( d C \ (5.4)
c 2 H \ d a )
where
P = the load required for crack propagation
C = the compliance of the structure and is given by displacement / load.
Further, and most importantly, for an infinitesimally small amount of crack growth this 
equation is equally valid for a cracked body under fixed extension or constant - load 
conditions. However, the evaluation of equation 5.3 is not necessarily restricted to those 
materials or structures which exhibit liner - elastic stress - strain behaviour. Rivlin and 
Thomas 1953, have employed this approach to characterize the tearing of cross linked 
elastomers which possessed bulk non - liner, but reversible elastic, properties. Gent et al. 
1975, have suggested that, even for elastomers which show significant internal energy 
dissipation outside of the immediate crack - tip regions, equation 5.3 may still be used. 
However, the stored strain - energy available for crack propagation should not now be 
taken as the input energy but rather that from the stress - strain relation upon retraction 
from the deformed state.
5.7.2. Stress - intensity factor approach
For a sharp crack in a uniformly - stressed infinite lamina and assuming Hookean 
behaviour and infinitesimal strains, Westergaard 1939 has developed certain stress -
functions which relate the local concentration of stresses at the crack - tip to the applied 
stress ao . For regions close to the crack tip they take the from:
where
• &-= the components of the stress tensor at a point
• r, 6 = the polar co-ordinates of the point, taking the crack tip as origin
• 2  a -  the length of the crack
• f..(Q) = stress - function.
Irwin 1964 modified this solution to give:
(5.5)
Ka (5.6)
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The parameter K  is the "stress - intensity factor" and relates the magnitude of the stress at 
the crack in terms of the applied loadings and geometry of the structure in which the crack 
is located. A crack stressed in three different modes, firstly a tensile - opening, secondly 
a shearing, and thirdly a tearing made, and these are designated Modes I, II and III, 
respectively, are illustrated in Fig. 5.3. The most commonly encountered and usually the 
one which most readily results in failure is the tensile - opening mode and it is technically 
the most important.
Fig. 5.3. The three basic modes of fracture 
(a) tensile - opining (Kj) (b) shearing (Kn) (c) tearing (Km).
From equation 5.6 it seen that as r = 0 then the stress a. .  = and, hence, the stress
alone does not make a reasonable local fracture criterion. Therefore, as the level of K
uniquely defines the stress - field around the crack, Irwin postulated that the condition
K > K  - - ( 5 . 7 )
c
K c is a critical value for crack growth and, as such, is a material property and termed the
fracture toughness. The power of this approach is that for any problem K  may always be 
expressed as, using mode I:
K j  = Q o o ^ ( n a )   (5.8)
where
K j  = the mode I stress - intensity factor.
Q = a factor dependent upon the exact geometry of the structure involved
K [c = Q o c ^ { n a )   (5.9)
where
K j  -  the mode I critical stress - intensity factor 
a c -  the applied stress at the onset of crack propagation
Experimentally, or theoretically, the values of the geometry factor, Q , may be 
ascertained. Hence, the fracture criterion embodied in equation 5.7 is employed by,
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(a) evaluating the value of A'; for the cracked structure under consideration from 
equation 5.8 using realistic values of applied stress and flaw - size
(b) ascertaining the fracture toughness, Kj , of the material, or adhesive joint, using 
standard laboratory test - specimens.
It should be noted that as the stresses at the crack - tip are singular, then the yield criterion 
is exceeded in some zone in the crack - tip region. Equations 5.8, 5.9 will essentially still 
be valid if this zone is assumed to be small and the elastic stress - field is not greatly 
disturbed, then the extent of the plastic zone will be defined by the elastic stresses. This 
approach, however, is basically limited to rigid, glassy adhesives, such as phenolic and 
epoxy resin adhesives, because the assumptions of bulk elastic, small - strain behaviour 
cannot be so readily circumvented. Alternatively, the energy balance approach may be 
developed for both this type of adhesive and elastomeric adhesives, as mentioned above.
5.7.3. Relationship between fracture energy and toughness
The works of Corten 1972, and Williams 1978 suggested that the relationship between
the fracture energy G , and the fracture toughness K for a crack in a homogeneousc c
material and is given by :
k J  = EGc for plane - stress -----(5.10)
9 EG,
Kj ----- Sry for plane - strain -----(5.11)
lc 1 - v 2
If the other modes are considered then, for plane - strain
e g c = l1 -  v K + 11 -  y2H c +11 + v2H i c  ----- (5-i2)
For a crack in an adhesive layer the relations embodied in equations 5.10 and 5.11 have 
been shown to be still generally valid, and the appropriate value of Young's modulus, 
E a , of the adhesive may be employed to correlate Kc (joint) andGc(joint), albeit
approximately in the case of very thin adhesive layers. However, Trantina (1972) has 
shown that the value of Gc estimated from equation 5.12 from adhesive joints, where the
rate of mode I and mode II had been systematically altered, is not constant and therefore 
does not provide a useful failure criterion. This emphasises that interpretation of the
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stress - intensity factor for a crack at or near an interface is often more complex than for a 
homogeneous material. For example, even if the joint is subjected to only an applied 
uniform tensile stress the analysis may involve both modes I and II values of K, although 
these values cannot be strictly associated with tensile and in plane - shear modes of 
failure, as they can for the homogeneous case. To overcome such problems several 
workers (Piva 1980, and Sawyer 1972) have defined an interfacial stress - intensity 
factor, Ki, as the characteristic parameter for a failure criterion and
Ki = (Kl2 + Kn2)l/2 ------(5.13)
Significant differences may be observed in the stress - field from that predicted for the 
homogeneous material (equation 5.6) outside a very limited distance ahead of the crack 
tip, which is a further complexity. These difficulties with the exact interpretation of the 
stress - intensity approach have led many workers preferring to employ the energy - 
balance approach for crack growth in adhesive joints.
5.8. Conclusion.
Factors which affect the service life of the adhesively bonded joint are: 
the environment, humidity, temperature, applied stress, frequency, joint geometry on the 
measured values of the fracture parameters, and the loading mode, namely the stress - 
intensity factor, Kc , and the fracture energy, G<> An understanding of the relative
importance of the significant factors in specific circumstances underlies successful fatigue 
life prediction.
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DESIGN OF ADHESIVE JOINTS
6.1. Introduction.
The ability to predict the loads and hence stresses which are likely to be encountered in 
practice must be the basis for any rational structural engineering design. The loading 
system is often prescribed by the function, but the skill of an engineer is to use the best 
available materials and design techniques to arrive at a suitable and cost - effective 
solution. Many design skills are becoming second - nature to the experienced engineer 
because of extensive practice. A strong emphasis is placed in modem engineering on the 
need to quantify the structural loads and stresses which have resulted from advances in 
technology together with new and more demanding environments. Pressures come not 
only from market - oriented competition which requires a cost - effective product, but also 
from legislation which may seek to blame in the courts of law the designer who was 
careless and allowed his structure to fail. Thus it is with adhesive joints, as with any 
fastening method.
6.2. Types of adhesive bonded lap joints.
Any joint occurring in practice is designed to carry a given set of loads; Fig. 1. shows 
some types of adhesive bonded lap joints. Most of the adherends are loaded in tension or 
compression. The subsequent loads on the adhesive are then a function of the geometry of 
the joint.
In Fig. 6.1(A) the single - lap joint is shown. This is the configuration most often used for 
testing adhesives and is one of the most commonly occurring joints. The loads in the 
single lap are not co-linear. Fig. 6.1(D) shows a configuration known as a double - lap 
shear joint. In this joint, two adherends of equal thickness with a single interface replace 
the two equal members which balance a central member of double thickness in the double - 
lap joint.
The replacement of end - to - end jointing by the strapped configuration of Fig. 6.1(G) 
provides the simplest example of the conversion of direct tension to lap shear. The lap 
shear is a good testing simulation for the strapped joint.
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(A) Simple Lap (B) Bevelled Lap (C) Stepped Lap
(D) Double Lap (E) Double Step Lap
n
(F) Simple Strap
(G) Double Strap (H) Stepped Double Strap
(J) Scarf
Fig. 6.1. Some types of adhesive bonded lap joints.
6.3. F actors affecting jo in t design.
Design considerations generally involve the geometry of the bond, the selection of an 
adhesive and the necessary bonding process, a knowledge of the properties of the 
adhesive and of the adherends, and finally an analysis of the stresses that the bonded 
assembly is likely to encounter in service. Petronio 1977, states that for maximum success 
joint design should follow several general principles, namely to:
• stress the adhesive in the direction of maximum strength,
• provide for the maximum bond area,
• make the adhesive layer as uniform as possible,
• maintain a thin and continuous bondline,
• avoid stress concentrations.
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6.4. Experimental design.
This study was conducted on double overlap joints. These joints were used to test for 
fatigue, static tension and also computer analysis was used. The purpose of these tests is 
to study the effects of the adhesive thickness, adhesive fillet on the joint and gap in the 
middle of the joint.
6.4.1. Materials.
• Description of steel.
BHP Sheet and Coil Products Division supplied the substrates used in the tests reported 
herein. These were of Zinc - Hi - Ten G550 (ZHT) steel which is designated for a 
continuously heat treated and coated steel with a minimum yield strength of 550 N/mm^. It 
is a zinc coated steel with a nominal coating composition of 0.18 - 0.29 % Al, 0.08 - 0.9 
% Pb, bal Zn. The coating mass was 275 g/m^ and was supplied with a minimised 
spangle. The surface of coated steels were passivated with a chromium based treatment. 
This procedure is according to Australian standard AS 1397 / G550.
• Description of adhesive.
Ciba Geigy supplied the adhesive used in the specimens. The epoxy resin used, a super 
strength araldite (K 106), is a two part epoxy resin adhesive (part A is liquid epoxy resin 
and part B is 91% polyamide, 9% amine) providing very high bond strength. Super 
strength araldite is suitable for bonding most materials in common use, including plastics, 
except thermo-plastics such as polypropylene and polyethylene. The adhesive sets in 
approx, 6-8 hrs. at 20°C. High bond strength is attained after 3days. Surfaces to be joined 
should be clean and dry.
• Joint making:
Galvanized steel surfaces were cleaned to remove any dust, oil, rust or grease by 
sandpaper and cloth. Parts A and B of the resin were mixed and left for 5 to 10 minutes. 
The adhesive was applied to each surface and then these were brought together. After one 
hour at room temperature, the joint was put under a pressure of 12 N/mm^ for 3 days.
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Before starting the test all superfluous dry adhesive was cleaned from the specimen by 
abrasion. Three types of specimens were used in these experiments, all of them double lap 
joints:
• the first type of the specimen consists of 4 straps length 200 mm., width 25 mm, 
and thickness 0.70 mm, (refer to Fig. 6.2(a).
• the second type of the specimen consisted of 4 straps, 2 x (length 75 mm and width 
25, 16 mm), and 2 x (length 33 mm and width 16 mm) with a thickness of 0.70 mm 
(refer to Fig. 6.2(b)).
• the third type of specimen had the same dimension the second specimen, but had a 
3 mm gap in the middle (refer to Fig. 6.2(c)).
200mm
25mm
^ 4
7mm
200mm 200mm
H
(a) First type of specimen.
15mm
(b) Second type of specimen.
i
16mm
T
i
T
0.7mm
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(c) Third type of specimen. 
Fig. 6.2. Types of specimens.
6.5. Test m ethods.
6.5.1. Fatigue test.
Fatigue tests were performed using a Schenk Dynamic Fatigue Testing Machine, as shown 
in Fig. 6.3. The range of the load applied varied between (0.00 - 0.91) kN, as shown in 
Fig. 6.4, and was the full capacity of the machine. The frequency of the load cycles was 
3000 cycles per min.. The purpose of these tests was to determine the fatigue life time 
under alternating tensile forces.
The testing procedure was to adjust the machine for the overlap length, clamp the 
specimen in place and adjust the tensile load (0.92 kN) as shown in Fig. 6.5. The test was
started, and the alternating load was read by microscope at the top of the machine. When 
the specimen fractured the reading was taken from the load cycles counter.
The effect of the adhesive fillet is seen in the second type of the specimen. This test was 
conducted on the three types of specimen that were discussed previously.
Fig. 6.3. The Schenk Dynamic Fatigue Testing Machine.
Fig. 6.4. Static load with superimposed alternating load curve.
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Fig. 6.5. Specimen clamped in the machine.
6.5.2. S tatic  test.
Static tests were performed using an Instron 4302 as shown in Fig. 6.6. This test method 
was conducted on the two types of specimens: the first and the third types of specimens 
as shown in Fig. 6.2(a,c). The purpose of this tests was for determine the maximum 
tension load and plot the curve between the load (kN) and elongation (mm) during the test. 
The effect of the adhesive thickness is seen in the third type of specimen. The specimens 
were loaded in tension testing machine according to ASTM D 1002-72 at a speed 1 mm/ 
min. Twelve specimens were used for each type of test.
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Fig. 6.6. Instron 4302 machine.
6.5.3. C om puter analysis.
Strand 6 is a three dimensional finite element analysis program and was used for the 
analyses herein. The finite element method works by using divided small elements, which 
consist of a number of nodes. Each node in a structural model can have up to six degrees 
of freedom. These are three translatory (DX, DY, DZ) in the direction of the global X, Y 
and Z axes respectively, and three rotational (RX, RY, RZ) about the global X, Y and Z 
axis respectively. The purposes of this program calculate the shear stress and normal 
stress distribution for each element and the deflection for each node.
6.5.3.1. C om puter model.
There are two types of joint in this study, the first type is shown in Fig. 6.9, and the 
second type, with adhesive forming a fillet outside the joint, (Fig. 6.10). This study is of a 
quarter of the joint because it is symmetrical around the X-X and Y-Y axes. The first type 
of joint is divided into 217 nodes and 166 plates, and the second type of joint is divided 
into 224 nodes and 173 plates. The angle between the width and the height of the plate is a 
minimum of 15°, as shown in Fig. 6.7. All of the square plates are 4 noded and all of the 
triangular plates are 3 noded. The computer program depends on the size of the element 
and is dependent on the angle >15° (Fig. 6.7). The smaller element size improves the 
results more than the bigger element size. Because of the size of element adopted, the 
results are approximate only. Table 6.1 shows the types of joint and the thicknesses for 
adhesive and adherend for each type.
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Table 6.1. The types of joints.
Type of joint Adhesive thickness (mm) Adherend thickness (mm)
I 0.06 0.7
II 0.12 0.7
III 0.18 0.7
rv 0.24 0.7
I.a 0.06 1.4
I.b 0.6 2.1
IV.a 0.24 1.4
IV.b 0.24 2.1
Fig. 6.7. Diagram of the plate angle.
------- 1— ►  2P
1 = =
Fig. 6.8. Diagram of the force in the joint.
The purpose of these models was to observe the relationship between the adhesive 
thickness and the adherend thickness, and how the adherend thickness affected the joint 
stresses.
Y-Y
‘t
CL
x-x~*~CL
Fig. 6.9. Diagram the first type of model.
Y-Y t
CL
x -x
CL
Fig. 6.10. Diagram the second type of model.
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The second type of adhesive is hypothetical, by assuming that Young's modulus is double
that of the first type of adhesive.
• Young's modulus (steel) : 200 G Pa
(adhesive i) : 2.5 G Pa
(hypothetical adhesive 2 ) : 5.0 G Pa
• Poissons's ratio (steel) : 0.29
(adhesive) : 0.40
• 2P = 2256 N (tension force)
P = 1128 N
P/2 = 564 N.
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RESULTS AND DISCUSSION.
7.1. Fatigue test.
The tensile fatigue test results for the double lap joints made in this study are summarised 
in Tables (7.1, 7.2, 7.3). The results from the first type of specimen are listed in Table 
7.1; the second type of specimen in Table 7.2; and the third type of specimen in Table 
7.3.
Table 7.1. Fatigue results of the first type of specimen (refer section 6.4.1).
Specimen No. 
(Fig. 6.2.a.)
Load Cycles
îpm
Min. static load 
kN
Max. static load 
kN
1.1.1 2331 0.00 0.91
1.1.2 2381 0.00 0.91
Av. 2356 0.00 0.91
Plain 2071 0.00 0.91
Mean 2356 0.00 0.91
Standard Deviation 35.3 0.00 0.00
Variance 1250 0.00 0.00
The results from the first specimen showed that the load cycles in fatigue in the adhesive 
and metal joint increased compared with the plain material, therefore, this type of increase 
related to the effect of the adhesive. At the start of the experimental study it was found that 
the specimen failed between the end of the overlap joint and the clamp of the machine as 
shown in Fig. 7.1. However, this problem was solved by shortening the distance 
between the clamp and the overlap joint, ie, shortening the metal strap. This type of 
specimen had a longer overlap length and a larger width than all others. The metal failed 
before the joint because the overlap length affects the fatigue life of the joint.
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Fig. 7.1. Cracked specimen after the test.
Table 7.2. Fatigue results of the second type of specimen (refer section 6.4.1).
Specimen
No.
(Fig. 6.2.b)
Adhesive
Thickness
(mm)
Load 
Cycles 
for Failure
Static Load 
(kN)
Alternating Load 
(kN)
Curing
Time
(days)Min. Max. Min. Max.
2.1.1 0.050 12 760 0.00 0.91 0.00 2.29 8
2.1.2 0.060 19 539 0.00 0.91 0.00 2.29 3
2.1.3 0.060 114 059 0.00 0.91 0.00 2.29 16
2.1.4 0.060 187 563 0.00 0.91 0.00 2.29 4
2.1.5 0.065 294 284 0.00 0.91 0.00 2.29 20
2.1.6 0.070 23 574 0.00 0.91 0.00 2.29 3
2.1.7 0.070 37 657 0.00 0.91 0.00 2.29 5
2.1.8 0.075 40 379 0.00 0.91 0.00 2.29 4
2.1.9 0.075 73 959 0.00 0.91 0.00 2.29 12
2.1.10 0.080 67 815 0.00 0.91 0.00 2.29 8
2.1.11 0.080 218 015 0.00 0.91 0.00 2.29 8
2.1.12 0.110 138 746 0.00 0.91 0.00 2.29 11
Ave. 102 362 0.00 0.91 0.00 2.29
Mean 102 362 0.00 0.91 0.00 2.29
Standard
deviation
90 480 0.00 0.00 0.00 0.00
Variation 86 628 0.00 0.00 0.00 0.00
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Table 7.3. Fatigue results of the third type of specimen (refer section 6.4.1).
Specimen
No.
(Fig. 6.2.c)
Adhesive
Thickness
Load 
Cycles 
for Failure
Static Load 
(kN)
Alternating Load 
(kN)
Curing
Time
(days)Min Max Min Max
3.1.1 0.05 03 089 0.00 0.91 0.00 1.82 2
3.1.2 0.05 04 810 0.00 0.91 0.00 1.82 2
3.1.3 0.05 04 090 0.00 0.91 0.00 1.82 3
3.1.4 0.05 07 973 0.00 0.91 0.00 1.82 3
3.1.5 0.06 06 509 0.00 0.91 0.00 1.82 3
3.1.6 0.06 11 160 0.00 0.91 0.00 1.82 5
3.1.7 0.06 19 054 0.00 0.91 0.00 1.82 9
3.1.8 0.07 16 562 0.00 0.91 0.00 1.82 4
3.1.9 0.07 17 893 0.00 0.91 0.00 1.82 4
3.1.10 0.07 17 560 0.00 0.91 0.00 1.82 7
3.1.11 0.07 20 243 0.00 0.91 0.00 1.82 6
3.1.12 0.07 34 638 0.00 0.91 0.00 1.82 12
Ave. 0.061 13 632 0.00 0.91 0.00 1.82
Mean 0.061 13 632 0.00 0.91 0.00 1.82
Standard
deviation
0.009 9172.2 0.00 0.00 0.00 0.00
Variation 0.008 8781.8 0.00 0.00 0.00 0.00
The results from the second and the third specimens showed that there are many factors 
affecting the results: •
• adhesive thickness,
• curing time,
• non-uniform adhesive thickness layer in the overlap length,
• gap in the middle of the joint,
• adhesive fillet on the outside of the joint.
• Adhesive thickness: it can be seen from Table 7.2. that, generally, as the adhesive 
thickness increases the load cycles for failure also increases. However, in some cases, 
this does not happen, for example, 2.1.11. Also, sometimes, an increase in the adhesive 
thickness and an increase in the curing time affect the load cycles for failure by increasing 
the number of cycles.
• Curing time: an increase helps to strengthen the adhesive layer in the joint. When the 
adhesive thickness and the overlap length are constant increase in curing time will result in 
an increase in the strength of the joint, as shown in Table 7.3, e.g. specimen No. 3.1.8 
and 3.1.12.
• Non - uniform adhesive thickness layer: the different number of load cycles from each 
specimen result from the non-uniform adhesive thickness layer.
• The gap in the middle of the joint: the second type of specimens achieved more load 
cycles before failure than the third type because the third type had a gap in the middle 
(3mm) free from adhesive. The second type of joint has greater strength (by 40 - 50 %) 
than the third type of joint, therefore, clearly this gap affects the strength of the joint.
• The adhesive on the outside of the joint: refer to Fig. 7.2. The second type of specimens 
(not cleaned of any adhesive) were unavoidably formed with a fillet of adhesive at the 
overlap ends. Even if this is removed, some slight amount of adhesive still remains and 
truly sharp corners are not obtained. It is in these regions of maximum stress where 
failure is initiated. Indeed, the steel comer is likely to be rounded rather than truly square, 
which has the effect of reducing the stress concentration in the adhesive layer. Joint 
failure begins in these fillets of adhesive which, although not transmitting much stress, 
are subjected to large strains if the steel deformation is significant.
• From the results in Table 7.3. it can be seen that there are some specimens that have the 
same curing time and the adhesive thickness, but different load cycles for failure e.g. 
specimen No; 3.1.3 and 3.1.4. This difference is due in part to some factors that have not 
been undertaken in this study, for example room temperature and humidity during the 
test.
Upon inspection of the broken specimens it was noted that the adhesive cracks always ran 
close to the metal and not in the adhesive itself. This suggests that the adhesive has a 
peeling effect on the metal; refer to Fig. 7.2. This peeling occurs because the adhesive 
strength is stronger than adhesion between the metal and adhesive.
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7.1.1. F ast frac tu re .
The static failure is a consequence of the shear stress ( t ) at the end of the joint causing a 
mode(II) crack as shown in Fig. 7.3. to propagate. A linear elastic fracture mechanics 
approach can be used to calculate the following:
K„ = Q t -Jkci
where:
K n = the stress intensity factor (MNm'^^).
Q - i s  a factor depends on the joint configuration (assume * 
t = the shear stress (M N /m ^^). 
a -  half the crack length (m).
K c= the critical stress intensity factor ( K c for Epoxy resin
• The experimental results obtained are as follows:
T= 24.43 Nmm'2
K  I mojl _  2 2 .7 3  / 4.7 = 4.4
TaAve.
K u > K c
The stress intensity factor is calculated when the yielding zone is at peak stress as in 
theory by Kinloch 1982.
------ (7.1)
= 1.0 ).
= 0.3 ~0.5).
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These cracks can produce sudden failure when the applied loading causes the stress 
intensity at the crack tip to reach the critical value. However, load cycling can cause 
subcritical crack growth resulting in an increase in crack length and hence in stress 
intensity.
Kinloch, 1982 states that it should be realised that the yield criterion is exceeded in some 
zones in the crack - tip because the stresses at the crack - tip are singular. The elastic 
stress - field will not be greatly affected if this zone is assumed to be small, then equation 
(7.1) will still be valid because the extent of the plastic zone will be defined by the elastic 
stresses. This approach is mainly limited to rigid, glassy adhesives, such as epoxy resin 
adhesives.
7.2. S tatic  test.
The static test results for the first type of the specimen are summarised in Table 7.4. The
• * , P6.98* 103 ? , _ „maximum failure shear stress x -  — - --------------  = 1.39 N / mmz where, P = the
A 100*25*2
failure load (kN) and A = the shear area (mm2).
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Table 7.4. The first type of the specimen results.
Specimen
No.
(Fig. 6.2.a)
Max Load 
(kN)
Extension
(mm)
Strain Failure
Stress
(N/mm^)
Modulus of 
elasticity 
(N/mm^)
1.2.1 6.62 21.60 0.054 1.32 24.5
1.2.2 6.98 25.27 0.063 1.39 22.1
1.2.3 6.75 25.14 0.063 1.35 21.5
1.2.4 6.63 24.53 0.061 1.33 21.6
1.2.5 6.42 26.70 0.067 1.28 19.2
1.2.6 6.48 26.10 0.065 1.29 19.9
1.2.7 5.87 38.71 0.097 1.17 12.1
1.2.8 6.58 33.92 0.085 1.32 15.5
1.2.9 6.38 23.11 0.058 1.28 22.1
1.2.10 6.66 27.71 0.069 1.33 19.2
1.2.11 6.22 24.80 0.062 1.24 20.1
1.2.12 5.57 41.10 0.103 1.11 10.8
Aver. 6.43 28.22 0.071 1.29 19.0
• Plain 6.74 72.65 0.182 1.35 7.42
Mean 6.43 28.22 0.071 1.29 19.1
Standard
deviation
0.34 6.24 0.016 0.08 4.16
Variance 0.15 38.9 0.000 0.01 17.3
• Plain specimen is a specimen with the same dimensions as the jointed specimens, but 
with no joint.
Results showed that the extension in the adhesively bonded joint decreased compared 
with the plain steel strip. This decrease related to the effect of the adhesive and the lap 
plates when compared with the plain strip.
Fig. 7.4. shows a typical load versus extension curve for a joint. The position of the 
proportional limit (point P) depends to a considerable extent upon the sensitivity of the 
testing apparatus. When the stress increases beyond the elastic limit, a point is reached (Y 
on the graph ) at which the rod suddenly stretches with little or no increase in the load . 
The stress at point Y is the Yield-point stress . The nominal stress may be increased
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beyond the yield point until the ultimate stress (point U) is reached. Any further 
elongation beyond point U causes fracture between the metal and the adhesive, shown as 
point B on the graph.
Load (kN)
Extension (mm)
Fig. 7.4. Load versus extension curve
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The results for the third type of the specimen are summarised in Table 7.5.
Table 7.5. The third type of the specimen results.
Specimen
No.
(Fig. 6.2.c)
Adhesive
Thickness
(mm)
Max. Load 
(kN)
Extension
(mm)
Strain Failure
Stress
(N/mm^)
Modulus of 
Elasticity 
(N/mm^)
3.2.1 0.040 3.61 3.21 0.039 7.51 192
3.2 .2 0.045 3.56 3.52 0.042 7.42 177
3.2.3 0.055 3.57 3.56 0.043 7.43 173
3.2.4 0.060 3.51 2.96 0.036 7.32 203
3.2.5 0.060 3.60 3.32 0.040 7.50 188
3.2.6 0.060 3.60 3.48 0.042 7.50 179
3.2.7 0.065 3.35 1.67 0.020 6.99 349
3.2.8 0.065 3.72 4.02 0.048 7.75 161
3.2.9 0.070 3.54 4.40 0.053 7.38 139
3.2.10 0.070 3.55 4.38 0.053 7.40 139
3.2.11 0.075 3.60 2.94 0.035 7.51 215
3.2.12 0.075 3.76 3.80 0.046 7.84 171
Ave 0.062 3.58 3.44 0.041 7.46 190
Mean 0.062 3.58 3.44 0.041 7.46 190
Standard
deviation
0.011 0.10 0.74 0.009 0.21 54.8
Variation 0.010 0.10 0.71 0.008 0.20 52.5
Plain — 4.09 21.5 0.259 360 200000
The results showed that the adhesive thickness affected the stress. Generally, as the 
adhesive thickness increases the failure stress increases. Specimen No. 3.2.12 gave a 
maximum failure load (3.76 kN), a maximum shear stress (7.84 Nmm'^) with a 
maximum adhesive thickness (0.075 mm). Specimen No. 3.2.7 gave the lowest 
maximum failure load (3.35 kN) and the lowest maximum shear stress (6.99 Nmm-^) 
with the adhesive thickness (0.065 mm). However, specimen No. 3.2.1 with the thinnest 
adhesive thickness (0.04 mm) gave a high maximum load (3.61 kN) when compared with 
other thicknesses.
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When these results are compared with the results in the Table 7.4. where it was found that 
the failure shear stress ( 7.46 N/mm^) in this test is higher than Table 7.4. (1.29 
N /m m ^). This difference occurs because the different dimension in overlap length affects 
the results. Also, some effects (eg. temperature) are usually not observed on short - 
overlap test specimens because they are largely alleviated by creep in the adhesive, but are 
very much a real effect for long - overlap joints.
The load and extension graph shows the boundaries of three regions which must be 
considered (refer to Fig. 7.5):
• Elastic region.
The adhesive and metal remain elastic and deformations do not remain after removal of 
the load. Loads within this area cause no permanent set.
• Elastic - plastic region.
In this region, the load is may cause either or both the metal and adhesive to yield; 
integrity of the system is complete although there is permanent set an irreversible 
deformation in the joint. •
• Plastic region.
In this region either or both the adhesive and the metal may be stressed beyond yield. 
There is permanent set in the joint, but the joint retains its integrity. This region of load 
/ overlap is not used to support service loads. Rather it is a region where final collapse 
is resisted, although major permanent deformation has taken place. This region and 
usually the elastic - plastic region constitute a measure of the ductility of the joint.
Chapter Seven 93
Elastic Region
Fig. 7.5. Typical load / extension graph in tension. 
7.3. C om puter analysis.
7.3.1. Adhesive thickness.
Fig. 7.7. shows the shear stress distribution on an overlap length of the joint in the 
adhesive layer with varying thicknesses, and the mean shear stress in the third type of 
joint, which is the same as the first model as shown in Fig. 6.9. The peak shear stress 
increases when the adhesive thickness decreases. The maximum shear stresses in the 
adhesive layer are shown in point A and B (Fig. 7.7). The stress (cryy) shown in Fig. 
7.8 is the peeling or cleaving stresses, which has a maximum in the end of the overlap 
length at point B, and a minimum the beginning of the overlap length at point A.
Figs. (7.10. - 7.12.) are of the second type of joint, which is the same as the second 
model as shown in Fig. 6.10, and show the result of the presence of the adhesive fillet. 
The shear stress in the adhesive fillet drops from a maximum level to nearly zero, and also 
increases the peeling or cleavage stress ( cryy) over the maximum of the third type of joint. 
This variation occurs as the fillet is a free surface and is not connected with any adherend 
surfaces.
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Fig. 7.6 is of the Y-Y centre line and the X-X centre line, showing the quarter which was 
studied.
CL I  Y-Y
The quarter that was studied
B
CL
X-X
fig. 7.6. The quarter that was studied (shaded).
-  Shear Stress in Type I joint. 
Shear Stress in Type II joint.
• Shear Stress in Type III joint. 
Shear Stress in Type IV joint.
-  Mean Shear 
(refer to Table 6.1)
Fig. 7.7. Shear Stress Distribution in the first type of joint (different adhesive thickness).
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Overlap (mm)
Stress a  - XX in Type I joint. 
Stress a  - XX in Type II joint 
Stress a  - XX in Type III joint. 
Stress a  - XX in Type IV joint, 
(refer to Table 6.1.)
Fig. 7.8. Stress in a  - XX in the first type of joint.
-  Stress O - YY in Type I joint.
‘ Stress a  - YY in Type II joint.
' Stress O - YY in Type III joint. 
' Stress a  - YY in type IV joint, 
(refer to Table 6.1.)
Fig. 7.9. Stress in a  - YY in the first type of joint.
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Shear Stress in Type I joint. 
Shear stress in Type II joint. 
Shear Stress in Type III joint. 
Shear Stress in Type IV joint. 
Mean Shear.
(refer to Table 6.1.)
Overlap (mm)
ig. 7.10. Shear Stress Distribution in the second type of joint (with adhesive fillet).
Stress a  - XX in Type I joint.
................  Stress a  - XX in Type II joint.
................. Stress ct - XX in Type III joint.
Stress ct - XX in Type IV joint, 
(refer to Table 6.1.)
Fig. 7.11. Stress in a -  XX in the second type of joint.
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Overlap (nun)
Stress a -  YY in Type I joint. 
Stress a  - YY in Type II joint. 
Stress a -  YY in Type III joint. 
Stress g  - Y Y in Type IV joint, 
(refer to Table 6.1.)
Fig. 7.12. Stress in a  - YY in the second type of joint.
7.3.2. A dhesive m odulus.
Fig. 7.13. shows the relationship between the adhesive thickness and the shear stress 
distribution in the double lap joint. With the hypothetical adhesive 2 the assumed Young's 
modulus is 5.0 GPa, which is double Young's modulus of adhesive l. The results show 
that the peak shear stress levels increase when the Young's modulus of the adhesive 
increases refer (Table 7.6).
As Young's modulus increases, the shear modulus increases, therefore, the adhesive 
stiffness also increases.
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Shear Stress for adhesive 1
■O......  Shear Stress for adhesive 2
Fig. 7.13. Comparison between the adhesive thickness and peak shear stress distribution.
Table 7.6. Comparison between adhesives 1 and 2-
Type of joint 
No;
Adhesive thickness 
(mm)
Adhesive i 
max. shear stress 
(Nmm"2)
Adhesive 2 
max. shear stress 
(Nmm'2)
I 0.06 22.7 30.5
II 0.12 16.5 22.3
III 0.18 13.7 18.4
IV 0.24 12.0 16.0
Young's modulus 2.5 GPa 5.0 GPa
Shear modulus 0.89 GPa 1.79 GPa
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7.3.3. Jo in t geometry.
Keer, 1975, investigated the joint as given in Fig. 7.14. He gave results for the case of 
identical materials, and the parameters used in the calculation are the quantities a  and 8  
defined below.
CL i  y-y
P-*- 1
T
i
h
-a - L a
T T  A  <AT" "ST
1 1
Fig. 7.14. Geometry and coordinate system of joint.
x-x
"cL
5 = !h
V ft,
W here:
= the adherend top and bottom layer thickness 
2/^ = the adherend middle layer thickness 
t = the adhesive thickness 
P = applied load.
When 8  = 1 the shear stress is symmetric with respect to the plane x = 0, while the 
normal stress is anti - symmetric. The stress - intensity factors are ,K 2,K 3 and K 4. It is
noted that as the values of a  increase the stress - intensity factors in all cases appear to 
diminish. The value of 8  = 1 is one in which the stress - intensity factors are equal at 
either and of the bond region.
In this study, as 8 > 1 the stress - intensity factors at x = c become unequal, with the 
values of x=() being smaller. The stress - intensity factors increase with diminishing a ;  
thus, as the bond breaks at the edge, it will continue to do so until the layers are 
completely separated.
The stress - intensity factors, K }, K 2 of the shearing stress and K 3,K 4 of the normal stress 
(by Keer and Chantaramungkom, 1975) are:
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K, =lim(, . 1)V2a+7)T„(f,( ) ) /(? / / , , )
K2 = lira,,,.,, / (P / \ )
^3 = lim(, V20 + i)T „  (t,0) Z (P / A,)
^4 = 1™,,,.,) V 2 ( l -0 f„ ( i ,0 )  / (P / /i,)
For the joint (I) in this study :
\  = 0.7 mm
2/*2 = 0.7 mm h2 = 0.35 mm
P =  1128 N 
2c = 15 mm
5 = =0.7/0.35 = 2
«  = — = 7.5/0.7 = 10.71
Therefore, 5 > 1, and for this reason the shear stress curve is asymmetric. This result 
tends to reinforce the fact that for a relatively thin adhesive layer the stresses are uniform, 
except near the edge of the bonded region.
7.3.4. Adherend thickness.
Figs. (7.15., 7.16.) shows the shear stress distribution to overlap length of the joint in 
the adhesive layer, model I (adhesive thickness = 0.06 mm) and model IV (adhesive 
thickness = 0.24 mm) together with different adherend thicknesses.
Results show that the an increase in adherend thickness decreases the shear stress. The 
thinner adhesive thickness has higher shear stresses than the thicker adhesive thickness.
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Overlap Length (mm)
Shear Stress in Type I. joint (N/mm2). 
Shear Stress in Type La. joint (N/mm2). 
Shear Stress in Type I.b, joint (N/mm2). 
(refer to Table 6.1.)
Fig. 7.15. The shear stress distribution in type I joint with different adherend thickness
(refer 6.5.3.1).
Shear Stress in Type IV. joint (N/mm2). 
Shear Stress in Type IV.a. joint (N/mm2). 
Shear Stress in Type IV.b. joint (N/mm2). 
(refer to Table 6.1.)
Fig. 7.16. The shear stress distribution in type IV joint with different adherend thickness
(refer 6.5.3.1).
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The results of the effects between the adhesive thickness and the adherend thickness are 
summarised in Table 7.7. The Table shows the effects between different ratios of 
adhesive thickness and adherend thickness, i.e, max. shear stress, peel stress and 
deflection, with a constant overlap length. This deflection chosen is at the last node of the 
adhesive layer and occurs in the Y-Y axis direction.
The table consists of four groups:
• group A the adhesive thickness is constant (0.06 mm) and the adherend thickness is 
variable,
• group B the adhesive thickness is constantly thick (0.24 mm) and the adherend 
thickness is variable,
• group C the adhesive thickness is variable and the adherend thickness is constant 
(0.7 mm),
• group D has variable adhesive and adherend thicknesses but have the same ratio 
(0.171).
Table 7.7. The effect between the adhesive thickness and adherend thickness.
Group
No;
Ta /T s Max. Shear 
Stress (N/mm^)
Peel Stress 
(N/mm^)
Deflection
(mm)
Ta.Ea /TS.ES
A
0.06/2.1=0.029 -20.77 17.72 0.00027 0.0004
0.06/1.4=0.043 -25.15 19.72 0.000305 0.0005
0.06/0.7=0.086 -35.76 24.43 0.000416 0.0011
B
0.24/2.1=0.114 -12.06 8.97 0.000584 0.0014
0.24/1.4=0.171 -13.97 9.69 0.000633 0.0021
0.24/0.7=0.343 -18.88 12.21 0.00084 0.0043
c
0.06/0.7=0.086 -35.76 24.43 0.000416 0.0011
0.12/0.7=0.171 -26.01 16.87 0.000514 0.0021
0.18/0.7=0.257 -21.56 13.85 0.000711 0.0032
0.24/0.7=0.343 -18.88 12.21 0.00084 0.0043
D
0.12/0.7=0.171 -26.01 16.87 0.000514 0.0021
0.24/1.4=0.171 -13.97 9.69 0.000633 0.0021
0.48/2.8=0.171 -9.11 7.23 0.00102 0.0021
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Ta.Ea / TS.ES = Ta*2.5 / Ts * 200 = 0.0125 * Ta / Ts.
where:
Ta> = Thickness adhesive.
Ts. = Thickness steel.
Ea. = Youngs Modulus of adhesive = 2.5 G Pa.
Es. = Youngs Modulus of steel = 200 G Pa.
Fig 7.17 shows the results in group A. This group has the thin adhesive thickness 
constant (0.06mm) but with variable adherend thickness (0.7 - 2.1 mm). As the adherend 
thickness increases the shear stress, peel stress and deflection decreases because the 
adherend is less flexible than the adhesive.
From the above the following results can be concluded:
• Constant adhesive thickness and an increase in adherend thickness (group A, B) 
results in a decrease in the ratio of adhesive to adherend thickness, max. shear stress, 
peel stress and deflection.
• Constant adherend thickness and an increase in adhesive thickness (group C) results 
in an increase in the ratio of adhesive to adherend thickness and deflection, but a 
decrease in the max. shear stress and peel stress.
• An increase both the adhesive and adherend thickness with a constant ratio of 
adhesive to adherend thickness (group D) results in a decrease in max. shear stress and 
peel stress but an increase in the deflection. This increase in the deflection means that 
the adhesive thickness has a greeter effect on the joint than the adherend thickness.
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Max. Shear Stress (N/mm2)
■O'.....  Peel Stress (N/mm2)
'  "O Deflection/10000 (mm)
Adhesive Thickness / Adherend Thickness
Fig. 7.17. The results from group A (Table 7.7).
Fig 7.18 shows the results in group B. This group has the thick adhesive thickness 
constant (0.24 mm) but with variable adherend thickness (0.7 - 2.1 mm). As the adherend 
thickness increases the shear stress, peel stress and deflection decreases. The adherend 
thickness is constant in Figs. 7.17 and 7.18, but the figures have different ratios of 
adhesive to adherend thickness. However the thinner adhesive thickness in Fig. 7.17 has 
a higher value for shear stress and peel stress, and a lower value for deflection when 
compared with the thicker adhesive thickness in Fig. 7.18. A bending moment due to the 
eccentricity of the forces is induced when the joint is loaded in tension. A peeling load at 
the ends of the joint is produced from the normal stresses resulting from this moment. 
Therefore, because the peeling effect of the bending moment is reduced, the thicker the 
adherend, the greater is the stiffness, consequently, the strength of the joint increased.
Fig. 7.19 shows the results of group C. This group has a variable adhesive thickness 
(0.0.6 - 0.24 mm) with the adherend thickness constant (0.7 mm). When the adhesive 
thickness increases the shear stress and peel stress decreases but the deflection increases.
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Max. Shear Stress (N/mm2) 
Peel Stress (N/mm2) 
Deflection /10000 (mm)
Adhesive Thickness / Adherend Thickness
Fig. 7.18. The results from group B (Table 7.7).
Max. Shear Stress (N/mm2)
"0 ......  Peel Stress (N/mm2)
—  O ----  Deflection /10000 (mm)
Adhesive Thickness / Adherend Thickness
Fig. 7.19. The results from group C (Table 7.7).
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Adhesive Thickness / Adherend Thickness
Fig. 7.20. The results from group D (Table 7.7).
Fig. 7.20 shows the results in group D. This group has a variable adhesive and adherend 
thickness and each joint has double the thicknesses of the previous one but has the same 
ratio (0.171) of adhesive to adherend thickness. When the adhesive thickness increased 
the shear stress and peel stress decreased but the deflection increased, the same as the 
results from group C (Fig. 7.19)
The computer analysis of how adhesive thickness affects the stress of a lap joint clearly 
implies that with increasing adhesive thickness and constant adherend thickness the joint 
peak shear stress should decrease, thereby increasing the strength of the joint (Fig. 7.19). 
This trend was not clearly support by the experimental work, as it is shown in Table 7.5 
and Fig. 7.4 that with slightly increasing adhesive thickness neither a clearly defined 
increase in strength (< 3%) nor a decrease in strength occurred.
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Fig. 7.21. The effects of adhesive thickness in the third type of the specimen (Table 7.5).
Hahn, (1960) showed (2 D. analysis) that the shear stresses in the adhesive layer were 
highest at the corners. The adherend were allowed to bend and the high stresses at the 
corner were thought to be caused by the anticlastic bending of the adherends.
7.3.5. D eflection.
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^  This section is enlarged ^ | 
in the following diargam 
showing deflection
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X-X
Fig. 7.22. The highlighted area is used to study deflection.
Fig. 7.23. D
eflection of thinner adhesive thickness.
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Fig. 7.24. Deflection of thicker adhesive thickness.
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Overlap length (mm)
Normalised deflection of thinner adhesive layer (0.06 mm) 
Normalised deflection of thicker adhesive layer (0.24 mm)
Fig. 7.25. The deflection of the thinner and the thicker thicknesses in the adhesive layer.
Figs. 7.23 and 7.24 shows the diagram of deflection, in the overlap length derived from 
the computer analysis results. In a symmetrical double lap joint, the centre adherend 
experiences tensile deflection but the outer adherends also have a tensile deflection. The 
adhesive layer thickness increases at the end of the overlap length in the Y axis direction 
giving rise to tensile stresses across the adhesive layer at the end of the overlap length. 
The adhesive layer thickness decreases at the beginning of the overlap length (middle of 
the joint) for both thicknesses. The relative (or normalised) deflection is higher in the 
thinner adhesive thickness than the thicker adhesive thickness, particularly in the end of 
the overlap length as shown in Fig. 7.25. The deflections are normalised by the deflection 
at the middle of the joint (X = 0). This shows that the thinner adhesive thickness is 
subjected to higher peeling strains, and therefore stresses, than the thicker adhesive case.
I l l
The extent of yielding in the thicker joint rapidly approaches that in the thinner joints, and 
the yield spreads more quickly into the adhesive fillet (Crocomre and Moult, 1987). The 
reason for the more rapid spread of yielding in the thicker joints is:-
The level of stress in a thicker joint, although lower, is spread more uniformly than in 
a thinner joint. Thus, when yielding does occur there is less "elastic reserve" to sustain 
further loading and so yielding spreads more quickly.
The adherend thickness affects the shear stress in the adhesive layer of the joint. As the 
adherend thickness increases the shear stress decreases, as determined by calculation.
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CONCLUSIONS.
Structural adhesives have been used within the aerospace industry since 1940 and more 
recently have been employed in the construction of motor vehicles and for the repair of 
ships. In the majority of cases they have used to form structural connections between 
metals. Metal to metal bonding has a growing future application within the civil engineering 
industry. It is with such application in mind that the research described in this thesis has 
been conducted. In this thesis a cold - cure epoxy resin adhesive is used, Araldite (K106). 
The adhesive joined steel (Zinc - Hi - Ten G550) to make double lap joints. This study had 
three main points.
8.1. Fatigue life.
The limited results from the fatigue life tests showed that, in some cases, as the adhesive 
thickness increased the strength of the joint also increased. It was found that if the 
specimens formed with a fillet of adhesive at the overlap ends were cleaned, some slight 
amounts of adhesive still remained. It was in this area that the maximum stress where 
failure was initiated. Shear stresses at the end of the joint caused a mode (II) (shearing) 
crack to spread. A linear elastic fracture mechanics approach can be used for the following:
Ku -  Qo^fna
where:
Kn =. the mode II stress - intensity factor.
Q = a factor dependent upon the exact geometry of the structure involved 
a = half the length of the crack
When this formula was applied, it was seen that £ 7(the stress intensity factor) is larger 
than Kc (the critical stress intensity factor for epoxy resin),ie, Kl > Kc.
8.2 Static strength experiment.
The results from the static tests showed that the overlap length affects the results, for 
example, the first specimen had greater strength than the third specimen because the first 
specimen has a longer overlap length than the third.
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From the experimental results, generally, for the same overlap length, as the adhesive 
thickness increases the failure load increases. However, in some cases the opposite occurs 
(Table 7.5), e.g. specimen No. 3.2.7 and 3.2.10, because there are certain variable factors 
that were not taken into account, for example, temperature, curing time and humidity.
8.3. Computer analysis.
In the computer analyses four factors where studied which affect the strength of the joint.
1. Adhesive thickness: as the adhesive thickness increased the peak shear stress in the 
adhesive layer of the joint decreased and increased the joint strength.
2. Adhesive modulus: the modulus of the adhesive affects of the joint. When the Young's 
modulus of the adhesive increases the shear stress increases.
3. Joint geometry: the ratio of the adherend thickness between the top or bottom layer and
. h
middle layer is 8 = — = the top or bottom layer thickness / middle layer thickness, which
h2
affects the shear stress distribution curve. When 8=1 the shear stress distribution is 
symmetric, and the normal stress is anti-symmetric. When 5>1 the shear stress 
distribution is anti-symmetric, - which is the case in this study.
4. Adherend thickness: when the adherend thickness increases the peak shear stress in the 
adhesive layer of the joint decreases. An increase in both the adhesive and adherend 
thickness decreases the shear stress and the peel stress.
5. Deflection : the symmetrical double lap joint in the adhesive layer and outer adherends 
layers have deflection but there is no deflection in the centre adherend layer. The deflection 
in the thinner adhesive thickness is greater than the thicker adhesive thickness. The 
deflection result is matching with the peel and peak shear stresses results. Therefor the 
thinner adhesive thickness joint is stronger than the thicker thickness joint.
The computer analyses show how adhesive thickness affects the strength of the lap joint: 
by increasing adhesive thickness the joint strength should increase.
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The experimental work conducted herein showed that with increasing adhesive thickness 
there was no decrease in joint strength, which appears to be in conflict with the results 
obtained by others (Spinks, 1994 and, Crocomre, 1987). This conflict could be due to the 
different joint geometries and the type of joints, i.e., double versus single overlap joints.
The extent of yielding in the thicker joint extends more rapidly into the adhesive fillet than 
the thinner joints. The main possible reason for this is:-
even though the level of stress is lower in a thick joint, yield occurs more uniformly than 
in a thin joint.
8.4. Suggestions for future research
Much further research is still required. There are many factors that affect the design of the 
overlap joint. These factors should be examined and trialed to be able to reach a strong 
joint. Some of these factors are:-
• effects of moisture
• effects of temperature on the adhesive joint
• different types of adhesive should be trialed for the strongest
• different types of overlap joints should be studied
• peeling and creep strength to be studied on the T-peel joint
• fracture test. The measurement of the joint fracture energy (Glc) by an appropriate
fracture test is a useful means of studying the failure mechanisms.
• T-peel joint. All of the above factors should be studied, then the results together 
with the results of the overlap joint used for applications in the civil engineering field, 
for example, for joining members for steel housing frames.
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